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2021 SNMMI Highlights Lecture: Oncology

and Therapy, Part 1

Heiko Schoder, MD, MBA, Memorial Sloan Kettering Cancer Center, New York, NY

From the Newsline Editor: The Highlights Lecture, pre-
sented at the closing session of each SNMMI Annual Meeting,
was originated and presented for more than 30 years by Henry
N. Wagner, Jr., MD. Beginning in 2010, the duties of summariz-
ing selected significant presentations at the meeting were
divided annually among 4 distinguished nuclear and molecular
medicine subject matter experts. Each year Newsline publishes
these lectures and selected images. The 2021 Highlights Lec-
tures were delivered on June 15 as part of the SNMMI Virtual
Annual Meeting. In this issue we feature the first part of the lec-
ture by Heiko Schoder, MD, MBA, chief of the Molecular Imag-
ing and Therapy Service at Memorial Sloan Kettering Cancer
Center (New York, NY) and a professor of radiology at the
Weill Medical College of Cornell University (New York, NY),
who spoke on oncology and therapy highlights from the meet-
ing. The second part of the lecture will appear in the November
issue of Newsline. Note that in the following presentation sum-
mary, numerals in brackets represent abstract numbers as pub-
lished in The Journal of Nuclear Medicine (2021,62[suppl 1]).

me to give this year’s highlights lecture on oncology

and therapy. It is a pleasure to present these findings.
We will begin with a brief statistical characterization of the
oncology-related abstracts presented at the 2021 SNMMI
Annual Meeting. The majority (51%) came from North
America, with a second large percentage of contributions
from Asia (41%), and others from Europe (6%), Africa
(1%), and South America (1%). Among international coun-
tries contributing, a large number of abstracts came from
China (166), followed by Korea (61), Japan (57), India (34),
Canada (34), and Australia (20). As in past years, the major-
ity (80%) of these abstracts focused on diagnostics, with
only about 20% on therapeutic applications.

Among the highest rated abstracts in the clinical area,
many were focused on fibroblast activation protein inhibitor
(FAPI) and prostate-specific membrane antigen (PSMA)
imaging in one form or another, and these will be discussed
in detail in this lecture. In the area of basic research, no clear
topic emerged as dominant. A number of new probes were
presented at the meeting, and we will look at several of
these. In the area of therapy, the large majority of abstracts
focused on prostate cancer and neuroendocrine tumors.

F irst I would like to thank the organizers for inviting

Clinical Diagnostics
FAPI

Many of us remember the 2019 SNMMI Image of the
Year (Fig. 1) from multiple researchers at the University

Hospital Heidelberg (Germany), which showed FAPI uptake
across a wide range of malignancies (/). In the intervening 2
years, numerous case reports and
small clinical studies have shown
the utility of FAPI-based imaging
in diagnosis, staging, radiation
therapy planning, and changes in
patient management across a range
of malignant diseases and sites,
including (among others) the lung,
pancreas, lower gastrointestinal
tract, and head and neck and in
sarcoma and peritoneal carcinoma-
tosis. Results from these and other
studies, however, have also shown
that FAPI is not a cancer-specific
agent. Uptake has been shown in a range of inflammatory
conditions, including thyroiditis, benign pancreatic lesions,
pulmonary fibrosis, solitary fibrous tumor, and others, as
well as in the postmyocardial infarction setting.

As background, the tumor microenvironment includes
blood vessels, extracellular matrix, and a number of different
types of cells, including cancer-associated fibroblasts
(CAFs). CAFs are relevant in cancer progression, resistance
to therapy, and also in regulating the immune environment.
They can be targeted by a number of therapies. FAP is a
transmembrane glycoprotein and prognostic marker in can-
cer expressed only on activated fibroblasts, including acti-
vated CAFs. FAP can be targeted in a variety of ways,
including by FAPIs, which we use for imaging. As noted, a
number of smaller studies have been published, and the field
is ready to move on to larger and more quantitative analyses

to study the role of FAPI in selected malignancies.
Kessler et al. from the University of Duisberg-Essen, the

German Cancer Consortium (DKTK, Essen; DKFZ, Heidel-
berg), and University Hospital Essen (all in Germany)
reported on “68Ga-FAPI for sarcoma imaging: Data from the
FAPI-PET prospective observational trial” [126]. The study
included 47 patients with bone and soft tissue sarcoma who
underwent clinical ®®LGa-FAPI PET imaging, 46 of whom
also underwent '8F-FDG PET. The study’s primary endpoint
was association of °8Ga-FAPI PET uptake intensity and his-
topathologic FAP expression. Secondary endpoints were
detection rate, positive predictive value (PPV), interrater
reproducibility, and change in management. The °8Ga-FAPI
tracer showed high sensitivity and PPV on a per patient and
per region basis. In a comparison of detected rates, °8Ga-
FAPI PET results were similar to those with '®F-FDG PET,
although in some instances '3F-FDG provided additional

Heiko Schoder, MD
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FAPI-PET in different kinds of cancer

Breast Ca Colorectal Ca Pancreatic Ca

Ovarian Ca Esophageal Ca

information. It is possible that in the future, at least in some
patients, complete workups may require both radiotracers.
The authors found that the °®Ga-FAPI tracer uptake corre-
lated with immunohistochemistry (IHC)-assessed FAP
expression in sarcoma: the higher the FAP expression on
IHC, the higher the SUV. Figure 2 is an example from 2
patients, 1 with negative IHC FAP and no uptake on imag-
ing, 1 with positive IHC FAP and high uptake on imaging.
Mona et al. from the University of California Los
Angeles/University of California Los Angeles Medical
Center reported on “Validation of FAPi PET biodistribu-
tion by immunohistochemistry in patients with solid

FIGURE 2. %%Ga-FAPI for sarcoma imaging. Data from the FAPI-PET
prospective observational trial [126]. Immunochemistry (IHC)-assessed
FAP expression in sarcoma correlated well with %Ga-FAPI tracer uptake.
Top: IHC (left) and FAPI PET/CT (right) images in a patient with FAP- dis-
ease. Bottom: corresponding images in a patient with FAP+ disease.

SmallIntestine Ca Sarcoma

FIGURE 1. SNMMI 2019 Image of the Year:
58Ga-FAPI PET/CT in patients reflecting 12 dif-
ferent tumor entities. Ca = cancer; NSCLC =
non-small cell lung cancer; CUP = carcinoma
of unknown primary; CCC = cholangiocarci-

noma; GEP-NET = gastroenteropancreatic
neuroendocrine tumor. Image was created with

contributions from Clemens Kratochwil, Paul

’d Flechsig, Thomas Lindner, Labidi Abderrahim,
) Annette Altmann, Walter Mier, Sebastian Ade-

ki

Prostate Ca

berg, Hendrik Rathke, Manuel Rohrich, Hauke
Winter, Peter Plinkert, Frederik Marme, Mat-
thias Lang, Hans Ulrich Kauczor, Dirk Jaeger,
Juergen Debus, Uwe Haberkorn, and Frederik
L. Giesel, each of whom was affiliated with Uni-
versity Hospital Heidelberg (Germany).

GEP-NET

cancers: A prospective exploratory imaging study”
[1000]. This study included 15 patients and a variety of
tumors and looked at similar correlations, using tissue
microarrays to explore whether ®Ga-FAPi-46 PET image
biodistribution accurately reflects FAP expression from
resected tumor and nontumor specimens. Figure 3 is an
interesting patient example, showing strong uptake in a
pancreatic tail ductal adenocarcinoma with the corre-
sponding THC stain. FAP IHC in representative histo-
logic sections demonstrated variable negative-to-weak
FAP expression in normal pancreatic parenchyma, except
for a subpopulation of cells in normal islets consistently
showing strong FAP expression. Again, we see a direct
relationship between IHC in tissue and SUV on FAPI
PET. The researchers concluded that this and associated
translational validation “pave the way for large-scale pro-
spective trials on the use of ®®Ga-FAPi-46 PET/CT as a
biomarker and stratification tool for FAP-targeted
therapies.”

Other abstracts on FAPI imaging were presented at this
meeting, and time does not allow me to detail each of these,
but several have already been published in major journals.
Chen et al. from First Affiliated Hospital of Xiamen Univer-
sity/Xiamen University (China) reported on the “Role of
%8Ga-FAPI PET/CT in the evaluation of peritoneal carcino-
matosis and comparison with '¥F-FDG PET/CT” [20] (2).
This is a challenging indication in PET and PET/CT imag-
ing. The retrospective study included 46 patients (16 with
diffuse-type peritoneal carcinomatosis, 27 with nodular-type
peritoneal carcinomatosis, and 3 true-negative patients). The
researchers presented encouraging data indicating that FAPI
uptake was higher than that of '3F-FDG, that FAPI PET
allowed detection of smaller lesions, and that a particular
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FIGURE 3. Validation of FAPi PET biodistribution by immunohistochem-
istry (IHC) in patients with solid cancers. Example: 65-year-old man with
pancreatic ductal adenocarcinoma (yellow arrows: pancreatic tail ductal
adenocarcinoma lesion; white arrows: resected normal pancreas region).
(A) Whole-body PET; (B) transaxial CT; (C) transaxial PET/CT (SUVax
15.69); (D) transaxial PET (SUVmean 12.51). (E) FAP IHC on representative
histologic sections demonstrated variable negative-to-weak FAP expres-
sion in normal pancreatic parenchyma with a subpopulation of cells in nor-
mal islets consistently showing strong FAP expression; and (F) moderate-
to-strong FAP expression was noted for tumor tissue.

advantage for FAPI PET was evident in gastric and colon
cancers.

Pang et al. from Xiamen University/First Affiliated Hos-
pital of Xiamen (China) reported on “Comparison
of 8Ga-FAPI and '8F-FDG uptake in gastric, duodenal, and
colorectal cancers” [125] (3). They reported that *Ga-FAPI
PET/CT was superior to '8F-FDG PET/CT in detection of
primary and metastatic lesions, with higher tracer uptake in
most primary and metastatic lesions.

Other related abstracts looked at nasopharyngeal cancer,
where FAPI imaging provided additional advantages in eval-
uating skull base invasion, suggesting that FAPI PET/MR
may become routine in future evaluations in this setting. Qin
et al. from Union Hospital, Tongji Medical College, and
Huazhong University of Science and Technology (Wuhan,
China) reported on “A head-to-head comparison of ®®Ga-
DOTA-FAPI-04 and '8F-FDG PET/MR in patients with
nasopharyngeal carcinoma: A prospective study” [124] (4).
They found that °®Ga-FAPI outperformed '8F-FDG in delin-
eating primary tumors and detecting distant metastases, par-
ticularly in the evaluation of skull-base and intracranial
invasion, concluding that “®3Ga-FAPI hybrid PET/MR has
the potential to serve as a single-step staging modality” for
patients with nasopharyngeal cancer. Zhao et al. from the
First Affiliated Hospital of Xiamen University (China)
reported on the “Clinical utility of *3Ga-FAPI PET/CT for
primary staging and recurrence detection in nasopharyngeal
carcinoma” [1086] (5) in a study with 45 participants. Their
data also indicated higher uptake of ©8Ga-FAPI than
8F-FDG.

Prostate Cancer
Prostate cancer remains a significant burden across the
globe, including the Americas, large portions of Africa and

Europe, and Australia. On May 12, a new Lancet Commis-
sion was announced to study prostate cancer in greater
detail, to create recommendations for prostate cancer diag-
nosis and treatment, and to address disparities in prostate
cancer management. The announcement noted that
“genomic tools and imaging, particularly PSMA PET-CT,
are likely to be increasingly important in treatment decisions
in the future” (6).

Two large and influential recent studies have focused on
prostate cancer, 1 on °®Ga-PSMA-11 and the other on '®F-
DCFPyL. Fendler from the University of California at Los
Angeles and an international consortium of research centers
reported in JAMA Oncology on an “Assessment of %3Ga-
PSMA-11 PET accuracy in localizing recurrent prostate can-
cer: A prospective single-arm clinical trial” (7). The study
included 635 men with biochemically recurrent prostate can-
cer after treatment and identified high PPV, high detection
rate, and high interreader agreement for localization with
68Ga-PSMA-11 PET. Morris et al. from Memorial Sloan
Kettering Cancer Center (New York, NY) and an interna-
tional consortium of research centers reported in Clinical
Cancer Research on “Diagnostic performance of !8F-
DCFPyL-PET/CT in men with biochemically recurrent
prostate cancer: Results from the CONDOR phase III, multi-
center study” (8). The study included 208 men with rising
prostate-specific antigen (PSA) =0.2 ng/mL after prostatec-
tomy or =2 ng/mL above nadir after radiotherapy. Of note,
patients were included in the ®®Ga-PSMA-11 study irrespec-
tive of prior imaging findings, whereas in the '8F-DCFPyL
study, the median PSA was lower and only patients with
negative or equivocal prior imaging were enrolled. Never-
theless, we can identify common themes in their findings:
higher overall detection rates (75% for °3Ga-PSMA-11;
59%—-66% with '8F-DCFPyL) correlated with increasing
PSA levels and very respectable numbers in terms of PPV
and sensitivity (sensitivity here referring to cases with histo-
logic verification). Reader agreement results were also good
with both tracers.

Rowe from Johns Hopkins Medicine (Baltimore, MD)
and the CONDOR consortium provided additional data
from their study at this meeting in “A phase 3 study of
18F.DCFPyL PET/CT in patients with biochemically
recurrent prostate cancer (CONDOR): An analysis of dis-
ease detection rate and PPV by anatomic region” [123].
They found that '8F-DCFPyL PET/CT detected and local-
ized metastatic lesions with high PPV regardless of ana-
tomic region (prostate/prostate bed, pelvic lymph nodes, or
extrapelvic regions, including lymph nodes, bone, and vis-
cera/soft tissue) (Fig. 4). Higher PPVs were observed in
extrapelvic lymph nodes and bone compared to viscera/
soft tissue. This is, of course, important, because an imag-
ing agent may not be very useful if it addresses disease
only in the pelvis but not outside (or vice versa). I should
point out that the number of visceral lesions in this study
was quite small, so related data probably should not be
overinterpreted.
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FIGURE 4. Left: Representative imaging from the ®Ga-PSMA-11 PET/
CT trial from UCLA and an international consortium. Right: Representative
imaging from the CONDOR phase Il "®F-DCFPyL PET/CT trial. Despite
difference in enroliment criteria and procedures, common findings
included higher overall detection rates that correlated with increasing
prostate-specific antigen levels, good positive-predictive values, and
improved sensitivity. Reader agreement results were also high with
both tracers.

Other abstracts were presented on these and other
PSMA compounds. Although I cannot detail each one, I
want to highlight 4 as illustrative of current research and
findings. Lin et al. from the University of California at San
Francisco reported on “The increased prevalence of low and
heterogeneous PSMA uptake in the setting of metastatic
castration-resistant prostate cancer” [1349]. In this
retrospective study, low PSMA uptake (=1 lesion with
no-to-low PSMA uptake) was seen on >50% of scans, and
heterogeneous uptake (defined as both low and high PSMA
uptake lesions on the same scan) was seen on >40% of
scans. The authors concluded that this high degree of hetero-
geneity within patients and in low PSMA-expressing tumors
may complicate treatment, particularly with PSMA-targeted
radioligand therapy.

Maliha et al. from McGill University Health Center, the
University of Montreal, and the Jewish General Hospital (all
in Montreal, Canada) reported on “Physiological DCFPyL
PSMA-targeted tracer uptake in the epididymis head newly
appreciated on digital PET/CT” [1321]. This was an interest-
ing incidental finding, and the authors noted that it is both
common and more frequent in patients with higher serum
testosterone levels. They emphasized that this physiologic
finding should not be misinterpreted as pathologic.

Lindenberg et al. from the National Cancer Institute
(NCI), the University of California San Francisco, Johns Hop-
kins University School of Medicine (Baltimore, MD), Yale
University (New Haven, CT), and Novartis Pharmaceuticals
(East Hanover, NJ; Turin, Italy; and Geneva, Switzerland)
reported on “Safety and tolerability of *®Ga-PSMA-R2 as an
imaging agent in patients with biochemical recurrence or met-
astatic prostate cancer” [1319]. In this safety and tolerability
study, the PSMA agent was well tolerated with no significant
adverse events. The authors concluded that the lesion detect-
ability and low radiation dose absorbed by salivary and lacri-
mal glands compared with other PSMA PET agents are
promising for future therapeutic applications.

Miksch et al. from University Hospital Ulm, the Techni-
cal University Munich (Garching), and the German Armed
Forces Hospital Ulm (all in Germany) reported that “Novel
18F_siPSMA-14 shows favorable kinetics and high interob-
server agreement in staging of prostate cancer patients”
[1328]. The study analyzed biodistribution, detection rates,
and interobserver agreement in 134 patients with either pri-
mary prostate cancer or recurrent disease. On a 5-point grad-
ing system, good agreement was noted (94% in primary and
86% in recurrent disease). As in previous abstracts, higher
detection rates were found with higher PSA levels. No
forced diuresis was used in the study. Target-to-nontarget
ratios were notably high in PET/CT-positive tumors (9.3 in
prostate, 11.6 in lymphatic, 14.3 in bone, and 14.6 in vis-
ceral lesions), enabling excellent contrast imaging. This con-
trast is evident in Figure 5 in a patient assessed for primary
disease after chemotherapy. On the left, excreted activity in

FIGURE 5. '®F-siPSMA-14 in staging prostate cancer patients. Images
acquired in a 64-year-old man with progressive disease after chemother-
apy (prostate-specific antigen = 100 ng/mL). Left: excreted activity on
PET in the urinary bladder obscures the primary tumor. Right: contrast is
high on "8F-siPSMA-14 PET/CT for bone (top), lymph node metastases
(middle), and (although some excreted activity is seen in the bladder)
much higher uptake is apparent in the primary tumor (bottom).
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the urinary bladder obscures the primary tumor; on the right,
contrast is high for bone and lymph node metastases and,
although some excreted activity is seen in the bladder, much
higher uptake is apparent in the tumor. This tracer is espe-
cially promising, then, for detecting locoregional recurrence.

Other Applications

Naghavi-Behzad et al. from the University of Southern
Demark (Odense), Odense University Hospital (Odense,
Denmark), the Basel Academy for Quality and Research in
Medicine (Switzerland), and the Technical University of
Munich (Germany) reported on “Response monitoring in
metastatic breast cancer: A comparison of survival times
between FDG PET/CT and contrast-enhanced CT” [129].
This study is relevant to a challenge with which many of us
deal on a day-to-day basis in our practices: arguing with
insurance companies about whether a scan should be preap-
proved for reimbursement. Patients in the study underwent
conventional imaging with contrast-enhanced CT (144
patients), FDG PET/CT (83 patients), or both (72 patients)
as part of response monitoring to treatment. Their results
indicated that overall, 5-year survival rates for patients with
metastatic breast cancer were significantly higher with PET/
CT alone (41.9%) or in combination with contrast-
enhanced-CT (43.3%) than with contrast-enhanced CT alone
(15.8%). Why would patients with PET imaging have better
survival? The answer, of course, is that the improved sur-
vival is not related to the modality per se but to the fact that
PET enables earlier detection of recurrence and more timely
and appropriate management decisions. This study is clear
evidence of the utility of PET/CT in response assessment in
patients with breast cancer and provides the kind of quantita-
tive data that may prove persuasive to third-party payers.

Clinical Therapies

Great advances are being reported in clinical therapies in
our field, highlighted this year by 2 recent clinical trials in
patients with advanced prostate cancer. Results from the
VISION trial were reviewed on June 6 at the American Soci-
ety of Clinical Oncology (ASCO) meeting by Michael Mor-
ris, MD, from Memorial Sloan Kettering Cancer Center
(New York, NY). The study has primary endpoints compar-
ing radiographic progression-free survival and overall sur-
vival in patients with progressive PSMA-positive metastatic
castrate-resistant prostate cancer who receive !”’Lu-PSMA-
617 in addition to best supportive/best standard of care ver-
sus patients treated with best supportive/best standard of care
alone. The study enrolled patients who had positive PSMA
signals on PET imaging and who had previously received
taxane therapy and novel androgen axis therapy and were
now deemed eligible only for best supportive care. It is
important to point out that no PSMA-only arm was included
in the study. Both the ASCO presentation and recently pub-
lished results show that the treatment arm in the VISION
trial had better overall survival and better radiographic

progression-free survival with improved quality of life. We
look forward to more analyses and results from this trial.

The next trial was the TheraP trial, which had some
important differences from the VISION trial. Hofman et al.
from the Peter MacCallum Cancer Centre/University of
Melbourne, St. Vincent’s Hospital and Garvan Institute of
Medical Research (Sydney), Royal Brisbane and Women’s
Hospital (Brisbane), Royal Adelaide Hospital, Sir Charles
Gairdner Hospital Western Australia (Nedlands), Calvary
Mater Newcastle, Austin Health Melbourne, Monash Health
(Melbourne), and Fiona Stanley Hospital (Murdoch; all in
Australia) reported at the SNMMI meeting on “!7’Lu-
PSMA-617 versus cabazitaxel in metastatic castration-
resistant prostate cancer: A randomized, open-label, phase 2
trial (TheraP)” [1703] (9). Patients with progressive disease
after docetaxel therapy at 11 sites in Australia were first
imaged with both ®¥Ga-PSMA and '8F-FDG PET/CT. Only
those with positive PSMA uptake that was concordant with
FDG uptake were included in the trial. A resulting total of
200 men were then randomized to !”’Lu-PSMA-617 or cab-
azitaxel. Figure 6 includes examples from the study illustrat-
ing the concordant and discordant imaging findings used in
patient selection. The patient on the top left, for example,
showed low PSMA uptake and high FDG uptake, and so
was ineligible for the trial. Next is a patient who had positive
uptake of both tracers but with additional metastases seen
only on FDG, a discordance that made the patient ineligible.
This is in contrast to the eligible patients (bottom row) with
concordant uptake on both scans and with PSMA-dominant
findings. Imaging, then, was used to maximize the inclusion
of patients most likely to benefit from !'""Lu-PSMA-617
treatment. !7’Lu-PSMA-617 led to significantly greater PSA
reductions (66% experienced =50% reduction in PSA from
baseline, compared with only 37% with cabazitaxel), higher
objective response rates (49% vs. 24%; RECIST 1.1), longer
progression-free survival at 1 year (19% vs. 3%), and signif-
icant improvements in several patient-reported outcome
domains. Of note, the investigators also reported on compar-
ative side effects. Patients in the '77Lu-PSMA-617 arm
experienced fewer grade 3 or 4 adverse events (53% vs
33%) and overall reported fewer side effects. We look for-
ward to seeing immediate benefits with this life-saving and
quality-of-life-improving treatment for our patients with
prostate cancer. [Author’s note: On the same day this lecture
was given, the U.S. Food and Drug Administration
announced that it had granted Breakthrough Therapy desig-
nation for '77Lu-PSMA-617 in metastatic castration-
resistant prostate cancer.]

In the context of radionuclide therapies, dosimetry is
very important for both normal organs/tissues and target
lesions. The process, however, can be quite time-
consuming, requiring multiple scans on several subsequent
days. Investigators across the globe are looking for solu-
tions, particularly at whether advanced computational
modeling can be used to derive dosimetry data with reason-
able accuracy from a single time-point scan. Chicheportiche
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FIGURE 6. '""Lu-PSMA-617 vs cabazitaxel in metastatic castration-
resistant prostate cancer: TheraP trial. Patients with progressive disease
after docetaxel therapy were first imaged with both ®®Ga-PSMA and
"8F-FDG PET/CT, and only those with positive PSMA uptake that was
concordant with FDG uptake were included in the trial. Images show PET
(top) and PET/CT (bottom row) illustrating concordant and discordant find-
ings used in patient selection. Top box: A patient with low PSMA uptake
and high FDG uptake (left, ineligible for the trial); patient with positive
uptake of both tracers but additional metastases seen only on FDG (right,
discordant, ineligible). Bottom row: patient with concordant uptake on
both scans (left, eligible); and patient with PSMA-dominant findings (right,
eligible). Imaging was used to maximize inclusion of patients most likely to
benefit from '7Lu-PSMA-617 treatment.

et al. from Hadassah—-Hebrew University Medical Center
(Jerusalem, Israel), Hebrew University of Jerusalem (Israel),
and University College London/UCL Hospitals NHS Trust
(London, UK) asked “Can absorbed radiation doses by
organs and tumors after peptide-receptor radionuclide ther-
apy (PRRT) be estimated from a single SPECT/CT study?”
[18]. The aim was to assess the feasibility of using a single
quantitative SPECT/CT study after each PRRT cycle com-
bined with a trained multiple linear regression model for
absorbed dose calculation. The researchers found that in

FIGURE 7. Single-timepoint imag-
ing for dosimetry in peptide-receptor
radionuclide therapy (PRRT).
Researchers used a trained model
for dose calculation with a single
quantitative SPECT/CT study after
each PRRT cycle for absorbed dose
calculation (example image shown).
The method was in good agreement
with the standard multi-timepoint
imaging protocol, with no associated
changes in management decisions.

a test set with data from 40 patients, their dosimetry calcula-
tion method was in good agreement with the standard
multi-timepoint imaging protocol, with no associated
changes in management decisions (Fig. 7). The conclusion
was that if this can be confirmed in a larger series it may
very well be possible to perform a single scan to derive
accurate dosimetry for PRRT and potentially other applica-
tions. This would result not only in simplification of the
dosimetry process but also improved patient comfort and
reduced scanner and staff time.

Interest continues in using nonimaging tools to improve
our ability to predict and measure response to therapies.
Blood-based molecular gene signatures are being incorpo-
rated into noninvasive tools to provide clinical guidance and
facilitate management during PRRT, which may prove espe-
cially useful, because radiographic pseudoprogression is a
known confounding factor during PRRT. Bodei et al. from
Memorial Sloan Kettering Cancer Center (New York, NY),
Wren Laboratories (Branford, CT), and Yale University
School of Medicine (New Haven, CT) reported on “Blood-
based genomic assessment of the clinical efficacy and toxic-
ity of PRRT” [78]. These researchers used 3 independent
blood-based gene expression assays: a 51-marker gene NET-
est (liquid biopsy) to monitor therapeutic efficacy, PRRT
Predictor Quotient (a molecular marker used to predict
PRRT responsiveness), and a 16-gene radiation toxicity
assay to assess PRRT-related toxicity. In a cohort of !7’Lu-
PRRT-treated patients with gastroenteropancreatic neuroen-
docrine and lung tumors, these assays were explored for
their suitability in predicting treatment response, monitoring
response, or use as safety biomarkers to monitor renal func-
tion and predict toxicity. Each of the assays showed quite
positive results. This is a work in progress, and series with
larger numbers are forthcoming. If validated, this will be a
helpful tool in predicting and monitoring patient response to
DOTATATE therapy in neuroendocrine tumors.

Morgan et al. from the University of Colorado Medical
Center (Aurora) reported on “Utilization and cost of
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223Ra-dichloride (Xofigo) for treatment of metastatic
castration-resistant prostate cancer in the U.S. Medicare
population” [1309]. This is an interesting study because the
authors looked not only at utilization patterns from 2015 to
2017 (a period during which they noted a significant
increase) but at which physicians/disciplines were actually
administering the therapy. More than 57% of treatments
were administered by radiation oncologists. This seems to
be a clear call to action for the nuclear medicine community.
Two years ago, Czernin et al. published an article in The
Journal of Nuclear Medicine highlighting potential weak-
nesses and challenges for nuclear medicine, including insuf-
ficient training, loss of ownership, and lack of desire to
perform theranostic applications or to perform therapy (/0).
There is a reason that the word “medicine” is in the name of
our discipline—we encompass both diagnosis and therapy.
We can continue to administer therapy and expand the range
of these activities only if we as a community have the col-
lective desire to do so, as well as the skills, infrastructure,
and training programs. This is an appeal to all nuclear medi-
cine professionals to work together to remain as owners of
our therapy and theranostic applications.

Part 2 of the 2021 Oncology and Therapy Highlights,
in the November issue of Newsline, will focus on new
targets for radionuclide therapy and other novel therapy

approaches, as well as new techniques and methods for data
analysis.
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SNMMI and ACGME Equity Matters Initiative

NMMI announced on August 4 its partnership with

the Accreditation Council for Graduate Medical

Education (ACGME) in ACGME Equity Matters, a
new initiative that introduces a framework for continuous
learning and process improvement in diversity, equity,
inclusion, and antiracism practices. The initiative aims to
drive change within graduate medical education by
increasing physician workforce diversity and building safe
and inclusive learning environments, while promoting
health equity by addressing racial disparities in health care
and overall population health.

The ACGME Equity Matters framework includes 2 key
components: (1) educational resources that will be available
to all involved in GME; and (2) collaborative Learning
Communities drawn from national stakeholder groups made
up of GME Sponsoring Institutions and programs, including
faculty members and individual residents/fellows, as well as
specialty societies and other health care partners. The Council
of Medical Specialty Societies (CMSS), of which SNMMI is
a member, and the Organization of Program Director Associa-
tions (OPDA) launched their participation in the program with

the convening of 2 Learning Communities that will initiate an
18-mo engagement cycle. This partnership will support diver-
sity, equity, inclusion, and antiracist practices and policies
across the full continuum from physician training to physi-
cians in practice. Core teams from CMSS and OPDA mem-
bers will include an elected leader to champion the initiative
and senior executive leaders who will be accountable for
implementing policy and practice changes.

The ACGME program will offer a phased curriculum to
enable participants to move through progressively more com-
plex concepts within 4 domains: acknowledgment, acceptance
and accountability, action, and assessment and adaptation.
Also included will be tools and skills training to drive imple-
mentation of innovative interventions, practices, policies, and
data strategies. Forty-two organizations, including 31 CMSS
Member Specialty Societies and 11 PDAs, will be participating
in the inaugural 18-mo cohort of the learning communities.
More information is available at: https://acgme.org/What-We-
Do/Diversity-Equity-and-Inclusion/ ACGME-Equity-Matters/.

SNMMI
ACGME
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IN MEMORIAM

Amnon (Amy) Piepsz, MD (1938-2021)

mnon Piepsz was born in 1938 in
AAntwerp (Belgium) and died in

Brussels (Belgium) on July 26,
2021, after a 2-year illness. He completed
his studies in pediatrics in 1967 at the Vrije
Universiteit Brussel (VUB) and became
interested in nuclear medicine methodolo-
gies very early in his career, attracted by
its physiologic and noninvasive approach.
He completed his studies in nuclear medi-
cine in 1969 at the VUB and advanced
there rapidly to become a full professor of
both pediatrics and nuclear medicine. His
PhD thesis in 1988 was on a “Methodology
of separate clearance measurement by
means of *™Tc-DTPA and the gamma camera.”

Dr. Piepsz radiated enthusiasm for nuclear medicine
throughout his career and was a major contributor to the
“Consensus report on quality control of quantitative measure-
ments of renal function obtained from the renogram” (Semin
Nucl Med. 1999; 29:146-159), published by the International
Scientific Committee of Radionuclides in Nephrourology
(ISCORN). His main areas of interests are reflected in more
than 250 peer-reviewed publications and were directed
toward development of clearance methodologies in children
and adults and both experimental and clinical studies related
to pediatric nephrourologic problems.

He worked as a pediatrician in a general outpatient clinic
with special interests in urinary tract infections, the
mother—child relationship, and psychosomatic diseases.
Most of his career was spent at the Centre Hospitalier Univer-
sitaire Saint-Pierre (Brussels, Belgium) and in the Academic
Hospital of the VUB. After his official retirement, he contin-
ued to work as a volunteer at Ghent University Hospital, where
he pursued his research and the education of trainees.

Dr. Piepsz became a genuine world citizen, giving lectures
and courses in such diverse locales as Bombay, Cape Town,
Djakarta, and Paris. He also lectured under the sponsorship of
the International Atomic Energy Agency, the European
School of Nuclear Medicine (European Association of
Nuclear Medicine [EANMY]), and the Université Paris-Sud.
In addition, he was active in supporting the development of
nuclear medicine in many less developed countries and in
South America, especially Chile. He was fluent in multiple

languages, including French, Flemish, Ger-
man, English, Italian, and Spanish and loved
to visit cities to become familiar with their
inhabitants and cultures.

He was an active member of the Societies
of Nuclear Medicine and of Pediatrics of
Belgium and of the EANM. He was the
beloved chair of the Paediatric Task Group
of the EANM, on which he served for
more than 20 years. He served as an editor
of the European Journal of Nuclear Medi-
cine and a scientific reviewer for The Jour-
nal of Nuclear Medicine and many other
journals. He also coedited Functional Imag-
ing in Nephro-Urology (London, UK: Tay-
lor and Francis; 2006) under the auspices of ISCORN.

His life outside of medicine was rich. As a 15-year-old, he
earned First Prize in piano at the Conservatoire Royal de
Musique of Brussels. An extraordinary pianist, he played a
wide range of music with expertise and feeling. He gave pri-
vate concerts in duet with a violinist and also sang bass in the
European Union Choir (of which he was president from
1999-2004). He was a lover of art and liked to swim, play ten-
nis, and hike in the mountains with colleagues.

His nickname, Amy, perfectly characterized his generous
personality (“ami” being French for “friend”). He had quali-
ties rarely seen in a single person and was an inspirational fig-
ure for all in nuclear medicine. He was especially attentive to
trainees and eager to share his scientific knowledge and clin-
ical hands-on techniques. He was far more than an imaging
specialist; he was an attentive clinician and sympathetic phy-
sician who was devoted to his pediatric patients, their parents,
members of his department, and his collaborators. He always
shared his enthusiasm and joy with others. We will miss him
and remember him fondly.

Alain Prigent, MD, PhD
Paris, France

M. Donald Blaufox, MD, PhD
New York, NY

Andrew Taylor, MD

Atlanta, GA

Naomi Alazraki, MD

Atlanta, GA
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SNMMI LEADERSHIP UPDATE

State of the Society: SNMMI Thrives Despite

COVID-19 Challenges

Virginia Pappas, CAE, SNMMI CEO

difficult operating environment we have experienced

in our history. Throughout the year, SNMMI’s board
of directors and management team collaborated closely to
enable the organization to deliver services to our members
and meet the health and safety needs of our employees, then
move above and beyond to conceive and implement new,
exciting programs and ideas.

From the start of the pandemic, SNMMI took precau-
tions to ensure the safety of members and staff, changing
meetings to virtual formats and creating a new, effective
work environment for staff and society operations. With
SNMMTI’s already extensive experience in the virtual envi-
ronment, these functions not only proved engaging and
effective but also expanded our presence in the nuclear med-
icine space worldwide.

At the same time, the society worked closely with feder-
al organizations and other groups on COVID-related issues,
including vaccination priority for members and the availabil-
ity of essential isotopes and amino acid solution. SNMMI
also created an online COVID-19 Resource Center to ensure
that members had the news, information, and advice they
needed to support them in their practice.

Despite the challenges of the pandemic, SNMMI has
advanced not only our existing projects but also a wide
range of new initiatives. To promote advances in radiophar-
maceutical therapy, a Radiopharmaceutical Therapy Centers
of Excellence program and a Radiopharmaceutical Therapy
Registry have been created. A therapy toolkit for sites begin-
ning implementation has been developed, as well as practice
resources, education, and information regarding dosimetry.
New research fellowships, awards, and a technologist ther-
apy badging program are now available or in progress.
Much of this information can be found on the new RPT
website portal at www.snmmi.org/therapy.

SNMMI has launched a new initiative to increase aware-
ness of nuclear medicine among referring physicians and the
general public, utilizing broad-based consumer media out-
reach. The society has also promoted cutting-edge research
via The Journal of Nuclear Medicine, which dramatically
increased its impact and influence among 133 medical jour-
nals in the medical imaging category.

In the health policy and regulatory affairs area, the FIND
Act of 2021 was introduced in both the House of

Over the past year, SNMMI has navigated the most

Representatives and the Senate. If passed, this legislation
would significantly expand patient access to a wide range
of diagnostic radiopharmaceuticals that can better detect
conditions such as heart disease, Alzheimer and Parkin-
son disease, breast and prostate cancer, and neuroendo-
crine tumors. This legislation would also help providers
better manage costs while delivering more targeted and
cost-efficient care.

Years of work from SNMMI and its partners also paid
off this summer as the Centers for Medicare and Medicaid
Services (CMS) and Humana allowed coverage for nonon-
cologic PET imaging. In addition, with the retirement of the
National Coverage Determination for 'F-FDG PET infec-
tion and inflammation, coding barriers have been removed
and coverage determinations are now made by local Medi-
care Administrative Contractors. CMS is also considering
new coverage for beta-amyloid imaging, which is supported
by SNMML.

Understanding that artificial intelligence will greatly
impact the future of medicine, SNMMI has created several
related initiatives. An Artificial Intelligence Taskforce,
formed earlier this year, launched a challenge in conjunction
with the Michael J. Fox Foundation to collect clinical data
from DaTScan images. The task force has also been drafting
manuscripts for submission to JNM and planning for an
Artificial Intelligence Summit to be held in early 2022.

During the pandemic, fantastic progress has been made
in the development of new agents and therapies, setting up
the profession for increasing growth. Looking forward, we
hope to hold events in-person to support this growth, includ-
ing the Therapeutics Conference, November 11-14, 2021, in
New Orleans, LA, and the Mid-Winter Meeting, January
28-31, 2022, in Orlando, FL.

I am proud to share with you that the decisions we
made have put SNMMI on track to end fiscal year 2021
with very healthy positions of operating cash and invest-
ments. We are extremely grateful for our leadership,
members, volunteers, corporate partners, and employees
who have come together during this challenging time to
enable SNMMI to continue to promote the value of
nuclear medicine, molecular imaging, and radionuclide
therapy. The innovative programs and services developed
were extraordinarily successful and have allowed the
society to remain healthy and strong.
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HHS Inspector General to
Review FDA Accelerated
Approval Pathway
The Office of Inspector General
(OIG) of the U.S. Health and Human
Services announced on August 4 that it
would launch a review process of the
recent U.S. Food and Drug Adminis-
tration (FDA) approval of Aduhelm
(aducanumab) to treat patients with
Alzheimer disease under the acceler-
ated approval pathway. The pathway
allows the FDA to approve drugs that
treat serious conditions and that fill an
unmet medical need based on a surro-
gate endpoint. According to an OIG
press release, this approval “raised
concerns due to alleged scientific dis-
putes within the FDA, the advisory
committee’s vote against approval,
allegations of an inappropriately close
relationship between the FDA and the
industry, and the FDA’s use of
the accelerated approval pathway.” In
the review, the OIG will assess how
the FDA implements the accelerated
approval pathway and manages inter-
actions with outside parties, as well as
other aspects of the process, such as
deciding how scientific disputes are
resolved. FDA’s relevant policies and
procedures, along with compliance,
will be included in the review, based
on a sample of drugs approved using
the accelerated pathway. The OIG will
not assess the scientific appropriate-
ness of the FDA approval of any drugs
under review. This work may result in
multiple reports, expected to be issued
in 2023.
Office of Inspector General
U.S. Health and Human Services

FIND Bills in House and Senate
On July 16, Congresspersons Scott
Peters (D-CA), Bobby Rush (D-IL),
Neal Dunn (R-FL), and Greg Murphy
(R-NC) introduced the Facilitating
Innovative Nuclear Diagnostics (FIND)
Act 0of 2021 (HR 4479), intended to sig-
nificantly expand patient access to
advanced nuclear diagnostic imaging
technologies. The bill (previously HR

3772) targets creation of a legislative
fix to the Center for Medicare and Med-
icaid Services (CMS) bundling of diag-
nostic radiopharmaceuticals in the
hospital outpatient space after a 3-year
pass-through period postapproval by the
U.S. Food and Drug Administration.

SNMMI and its coalition partners,
the Medical Imaging & Technology
Alliance and the Council on Radionu-
clides and Radiopharmaceuticals, in
addition to dozens of patient advocacy
organizations, praised the proposed leg-
islation. “Innovative radiopharmaceuti-
cals are revolutionizing the diagnosis
and treatment of a wide variety
of diseases, but under current CMS
payment policies, these remarkable
agents often are not available to
Medicare beneficiaries, resulting in
inequities in health care. The FIND
Act addresses this current important
problem and will improve access to
these life-saving imaging agents,”
said Richard Wahl, MD, president
of SNMML.

“America leads the world in medi-
cal research and innovation—but far
too often, patients are unable to access
the benefits of innovative medical tech-
nologies because of outdated Medicare
reimbursement policy,” added Repre-
sentative Dunn at the act’s introduction.
“The FIND Act is a common-sense,
bipartisan proposal to address these cur-
rent reimbursement problems, giving
patients access to the diagnostic tools
they need, when they need them. Early
detection saves lives and we must do
what we can to expand access to these
life-saving tools.”

On August 4, Senators Marsha
Blackburn (R-TN) and Tammy Bald-
win (D-WI) introduced a companion
bill in the U.S. Senate (S. 2609).
“Innovative technology like diagnostic
radiopharmaceuticals are important
tools in detecting and treating diseases
such as cancer and Alzheimer’s,” said
Senator Blackburn. “The FIND Act
would increase patient access to
more cost-effective treatment options
while promoting further research and

development opportunities for medical
manufacturers.”

The FIND Act addresses structural
issues in the packaging methodology
used in the Medicare outpatient setting
by directing the Department of Health
and Human Services to pay separately
for all diagnostic radiopharmaceuticals
with a cost threshold per day of $500.
If passed, this bill would give patients
greater access to a wide range of diag-
nostic radiopharmaceuticals that can
better detect conditions such as heart
disease, Alzheimer and Parkinson dis-
ease, breast and prostate cancer, and
neuroendocrine tumors. This legisla-
tion would also help providers better
manage costs while delivering more
targeted and cost-efficient care.

For more information on the FIND
Act, including avenues for advocacy,
please see: https://www.snmmi.org/Issues
Advocacy/content.aspx?ItemNumber=
34002 &navIitemNumber=34003.

SNMMI

New NIA Alzheimer Trial
Recruitment Tool

The National Institute on Aging
(NIA) announced on July 30 at the
annual meeting of the Alzheimer’s
Association International Conference a
new online research tool to help
increase participation by traditionally
underrepresented populations in clini-
cal trials focusing on Alzheimer dis-
ease (AD) and related dementias.
Called Outreach Pro, the tool will
enable researchers to create and cus-
tomize participant recruitment commu-
nications, such as websites, handouts,
videos, and social media posts.

“We are facing a critical and grow-
ing need for people living with Alz-
heimer’s and related dementia, as well
as those at higher risk, and healthy peo-
ple, to participate in clinical trials,” said
NIA Director Richard J. Hodes, MD.
“That need is especially acute for fre-
quently underrepresented groups such
as Black and Hispanic Americans,
which is why Outreach Pro includes an
emphasis on helping clinical trial
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researchers connect with these and other
important communities.”

Outreach Pro is one of a suite of
NIA efforts to implement the National
Strategy for Recruitment and Partici-
pation in Alzheimer’s and Related
Dementias Clinical Research (2018).
To use Outreach Pro, researchers and
clinicians first select desired templates
with 1 of 3 communication goals: (1)
to educate about AD, related demen-
tias, and/or brain health; (2) to increase
awareness and interest in AD and
related dementias clinical trials; or (3)
to provide information about a specific
AD or related dementia clinical trial
currently enrolling participants. Each
template can be customized using a
central library of messages, headlines,
photos, and text that have been tested
in individuals representing diverse and
underserved populations. The materi-
als will be available initially in English
and Spanish, with plans for adding
Asian American and Pacific Islander
resources and languages later in 2021.
Materials for American Indian and
Alaska Native communities will be
developed and added in 2022. NIA
developed Outreach Pro and its con-
tent systematically by using literature
reviews, environmental scans, listen-
ing sessions with stakeholders, focus
groups, national surveys, and user test-
ing. NIA plans to add content and scale
up the tool’s capabilities based on feed-
back and performance measurement.

In total, NIA is currently support-
ing 270 AD and related dementia clini-
cal trials. Additional information on
Outreach Pro is available at: https:/
outreachpro.nia.nih.gov/.

National Institute on Aging

NIH Expands Biomedical
Research in the Cloud

The National Institutes of Health
(NIH) announced on July 10 that Micro-
soft Azure had joined the NIH Science
and Technology Research Infrastructure
for Discovery, Experimentation, and
Sustainability (STRIDES) Initiative as
the newest cloud service provider to
support biomedical research. Google

Cloud and Amazon Web Services
joined the initiative in 2018. The
STRIDES Initiative aims to accelerate
biomedical research in the cloud by
reducing economic and process barriers
as well as providing cost-effective
access to cloud platforms, training,
cloud experts, and best practices for
optimizing research.

The initiative has already
expanded access to critical infra-
structure and cutting-edge cloud
resources for NIH researchers, as
well as NIH-funded investigators at
more than 2,500 academic institu-
tions across the United States. To
date, NIH has helped more than 425
research programs and projects
leverage cloud resources through the
STRIDES initiative. Researchers
have collectively used more than 83
million h of computational resources
to access and analyze more than 115
petabytes of high-value biomedical
data in the cloud. By leveraging the
initiative, the National Library of
Medicine’s Sequence Read Archive
(among the world’s largest publicly
available genome sequence reposito-
ries) migrated more than 43 peta-
bytes of next-generation sequencing
data to the cloud, easing access for
millions of researchers. Researchers
can now search the entire catalog
of genomic data and take advantage
of the computational tools for
analysis.

A central tenet of the STRIDES
Initiative is that data made available
through these partnerships will incor-
porate standards endorsed by the bio-
medical research community to make
data findable, accessible, interoperable,
and reusable (FAIR). “NIH has an
ambitious vision of a modernized,
FAIR biomedical data landscape,” said
Susan K. Gregurick, PhD, associate
director for Data Science and director
of the Office of Data Science Strategy
at NIH. “By partnering with Microsoft
Azure, which has over 3 decades of
experience in the cloud space, we can
strengthen NIH’s data ecosystem and
accelerate data-driven research and

discovery.” Additional information is
available at: https://datascience.nih.
gov/strides/.

National Institutes of Health

Medical Imaging Radiation
Limits
On August 11 the American Asso-
ciation of Physicists in Medicine
(AAPM), the American College of
Radiology, and the Health Physics Soci-
ety issued a joint statement in opposi-
tion to cumulative radiation dose limits
for patient imaging, citing potential
adverse effects on patient care. The
statement comes in response to an
opposing position by several organiza-
tions and recently published papers on
the high-profile topic. According to the
statement “the decision to perform a
medical imaging exam should be based
on clinical grounds, including the infor-
mation available from prior imaging
results, and not on the dose from prior
imaging-related radiation exposures.”
In a related press release, AAPM stated
its recommendation “against using dose
values, including effective dose, from a
patient’s prior imaging exams for the
purposes of medical decision-making.
Using quantities such as cumulative
effective dose may, unintentionally or
by institutional or regulatory policy,
negatively impact medical decisions
and patient care.” In addition, the posi-
tion statement applied to “the use of
metrics to longitudinally track a
patient’s dose from medical radiation
exposures and infer potential stochastic
risk from them.” It does not apply to
the use of organ-specific doses for pur-
poses of evaluating the onset of deter-
ministic effects (e.g., absorbed dose to
the eye lens or skin) or performing epi-
demiologic research. The joint state-
ment, a list of answers to frequently
asked questions on the topic of medical
radiation safety, and a list of references
to research papers supporting the signa-
tories’ position is available at: https:/
www.aapm.org/org/policies/details.asp?
id=1533.
American Association of
Physicists in Medicine
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FDA and Collaborative
Communities

The U.S. Food and Drug Adminis-
tration (FDA) announced on August
4 participation in several new “col-
laborative communities” designed to
address challenges in patient health
care. Collaborative communities are
continuing forums in which private
and public sector representatives work
together on medical device challenges
to achieve common objectives and out-
comes. “We’re pleased to announce
the progress we’ve made with partici-
pation in collaborative communities.
These collaborations with diverse
stakeholders are not only a strategic
priority for the FDA’s Center for Devi-
ces and Radiological Health, they also
provide much needed forums for deep
discussion and solution-driven initia-
tives to tackle important issues within
the medical device ecosystem,” said Jeff
Shuren, MD, JD, director of the Center
for Devices and Radiological Health.
“The insights and outcomes developed
by these groups will have long-standing
impacts on public health.”

The FDA currently participates in
12 collaborative communities, which
are established, managed, and controlled
by external stakeholders. These com-
munities are collectively charting paths
to accelerate and address regulatory

science and other knowledge gaps to
aid in medical device review and over-
sight. They may also impact the deliv-
ery of health care and change clinical
care paradigms. The most recent collab-
orations focus on topics such as: medi-
cal device development and product
quality; understanding of valvular heart
disease; innovations in digital pathol-
ogy; reducing rates of intended self-
injury and suicidal acts by individuals
with diabetes; and strategies to increase
the awareness, understanding, and par-
ticipation of racial and ethnic minorities
in the medical technology industry.
Collaborative communities are con-
vened by interested stakeholders and
may exist indefinitely, produce deliver-
ables as needed, and tackle challenges
with broad impacts. The FDA does not
establish, lead, or operate the communi-
ties, nor are they intended to advise the
FDA. Instead, the FDA may participate
in the community to contribute its
knowledge and perspective to discus-
sions of public health challenges and
solutions. For more about the FDA and
collaborative communities, see: https://
www.fda.gov/about-fda/cdrh-strategic-
priorities-and-updates/collaborative-
communities-addressing-health-care-
challenges-together.
U.S. Food and Drug
Administration

Breast Cancer Risk in Health
Professionals
In a study published on August 9
ahead of print in the American Journal
of Preventive Medicine, Shen et al.
from the Kaohsiung Municipal Ta-
Tung Hospital, Kaohsiung Medical
University Chung-Ho Memorial Hospi-
tal, and Kaohsiung Medical University
(Kaohsiung City, Taiwan) and the Min-
istry of Labor (Taipei, Taiwan) reported
on a 35-year longitudinal study of
breast cancer risk among health profes-
sionals. The study included data from 4
country-wide population-based data-
bases in Taiwan, including matched
cohorts of 277,543 health professionals
and 555,086 non—health professionals.
The researchers found that health pro-
fessionals had a significantly higher risk
of breast cancer and that this elevated
risk was associated with birth age, job
tenure, rotating day/night work, and
several specific health professional
license types, including physician, phar-
macist, registered nurse, midwife, medi-
cal technologist, and psychologist. The
authors suggested that regular ultra-
sound for younger women health care
professionals and mammography for
those older than 45 y should be
considered.
American Journal of Preventive
Medicine
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A new era of precision diagnostics and therapy for patients with neuro-
endocrine neoplasms began with the approval of somatostatin receptor
(SSTR) radiopharmaceuticals for PET imaging followed by peptide
receptor radionuclide therapy (PRRT). With the transition from SSTR-
based +y-scintigraphy to PET, the higher sensitivity of the latter raised
questions regarding the direct application of the planar
scintigraphy-based Krenning score for PRRT eligibility. Also, to date,
the role of SSTR PET in response assessment and predicting outcome
remains under evaluation. In this comprehensive review article, we dis-
cuss the current role of SSTR PET in all aspects of neuroendocrine neo-
plasms, including its relation to conventional imaging, selection of
patients for PRRT, and the current understanding of SSTR
PET-based response assessment. We also provide a standardized
reporting template for SSTR PET with a brief discussion.

Key Words: somatostatin; SSTR; peptide receptor radionuclide ther-
apy; neuroendocrine neoplasms; ®Ga-DOTATATE; ®8Ga-DOTANOC
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Neuroendocrine neoplasms (NENs) are rare, heterogeneous,
and typically slow-growing, accounting for about 0.5% of all diag-
nosed malignancies. Originating from the secretory cells of the neu-
roendocrine system at almost any anatomic site, their site of origin is
often linked to disease biology. For example, tumors of the ileum
typically have a high malignant potential, although metastatic
lesions tend to have an indolent course. Gastric and rectal tumors
have a low metastatic potential but can grow aggressively once met-
astatic (/). Gastroenteropancreatic, pulmonary, and thymic NENs
are among the most commonly diagnosed (2). The term NENs
encompasses both well-differentiated neuroendocrine tumors
(NETs) and poorly differentiated neuroendocrine carcinomas.
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Whereas neuroendocrine carcinomas are of high grade by default,
NETs are classified further according to histologic grade and degree
of differentiation, with site-specific parameters (cutoffs). Grading
for gastroenteropancreatic NETs, for example, is based on prolifer-
ation using either the Ki-67 index or mitotic count per 10 high-power
fields. Grade 1 (G1 or low-grade) refers to a Ki-67 of less than 3%
and fewer than 2 mitoses per 10 high-power fields, G2 refers to a
Ki-67 of 3%—-20% or 2-20 mitoses per 10 high-power fields, and
G3 refers to a Ki-67 of more than 20% or more than 20 mitoses
per 10 high-power fields (3). On the basis of the degree of differen-
tiation, they are categorized as either well-differentiated or poorly
differentiated tumors. Most NENSs are sporadic, although some arise
in the setting of inherited syndromes such as multiple endocrine neo-
plasia, tuberous sclerosis, Von Hippel-Lindau disease, or neurofi-
bromatosis (/).

NENSs typically have increased expression of somatostatin recep-
tors (SSTRs), which are G-protein—coupled receptors modulating
cellular proliferative and secretory activity. This expression forms
the basis of functional imaging with SSTR-targeting radiopharma-
ceuticals and treatment with somatostatin analogs (SSAs), including
octreotide and octreotate. There are 5 subtypes of SSTRs, with sub-
types 2, 3, and 5 most commonly expressed (4). ' 'In-diethylenetri-
amine pentaacetate—conjugated octreotide ('''In-pentetreotide/
OctreoScan; Mallinckrodt Nuclear Medicine) was the first agent to
receive U.S. Food and Drugs Administration approval (in 1994)
for functional imaging of NENs with planar scintigraphy or SPECT
(5). **™Tc-labeled SSAs, including the commercially available
99mTc-ethylenediaminediacetic acid hydrazinonicotinamide-[p-
Phe!, Tyr*-octreotide], were also developed to improve image qual-
ity with lower absorbed radiation dose (6). Newer ®*Ga- or **Cu-tet-
raxetan (DOTA)-conjugated SSAs for PET have shown diagnostic
performance superior to that of ' 'In-pentetreotide and are the cur-
rent modality of choice for functional imaging (5,7). Different
DOTA peptides exist and have varying affinity for the SSTR sub-
types (Table 1).

Management of NENSs is based on the grade, subtype, distribution,
and extent of disease. Anatomic imaging with CT and MRI is stan-
dard practice to assess disease location and extent, although
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TABLE 1
In Vitro Affinity of DOTA Peptides for Common SSTR
Subtypes (5)

Radiopeptide SSTR-2 SSTR-3 SSTR-5
"1n-DOTANOC 2.9 8 11.2
"In-DOTATATE 15 >1,000 547
"1In-DOTATOC 4.6 120 130
88Ga-DOTANOC 1.9 40 7.2
68Ga-DOTATATE 0.2 >1,000 377
68Ga-DOTATOC 2.5 613 73

Data are half-maximal inhibitory concentration in nanomoles
(lower values represent higher affinity).

radiopharmaceutical development has led to improvements in imag-
ing and therapy (together termed theranostics). Initially, high-dose
"In-pentetreotide was used for therapy (8), via Auger electrons,
although the efficacy was limited (9). The use of '""Lu or *°Y
(B-emitters) conjugated to SSAs with DOTA has been more effec-
tive (10). Specifically, '""Lu-DOTATATE-based peptide receptor
radionuclide therapy (PRRT), studied in a phase 3, multicenter, ran-
domized controlled trial (NETTER-1) in patients with inoperable or
advanced and progressive midgut NENs, showed superior outcomes
to standard-of-care therapy (10).

This paper reviews the current status and advances in imaging of
NENSs, with a focus on the use of SSTR PET with respect to PRRT.

THE ROLE OF CONVENTIONAL IMAGING

CT is commonly the initial imaging modality for evaluation of a
suspected NEN. The detection rate of primary small-bowel NENs
is about 50% (11,12). Metastatic mesenteric nodes are typically
larger than the primary itself and are often calcified. When a
small-bowel NEN is known or suspected, a negative oral contrast
medium (methylcellulose, polyethylene glycol, or water) is pre-
ferred over a conventional radiopaque contrast medium, to avoid
masking the primary enhancing lesion on the bowel wall (/3,14).
Primary pancreatic NENs have a detection rate of about
80%—100% on CT (15). It is important to obtain an abdominal multi-
phase CT scan with intravenous contrast medium, since most pan-
creatic NENs and their hepatic metastases are arterially enhancing
and occult on a single portal venous phase (Fig. 1) (11,14,16).
Around 22% of pancreatic NENs are arterially hypoenhancing,
and in these cases the portal venous and delayed phases can help
in detection (/1,17).

NOTEWORTHY

B SSTR PET can be used to reliably assess SSTR expression both
visually and semiquantitatively.

B SSTR PET is essential for the proper assessment of eligibility for
PRRT.

B SSTR expression is both a prognostic (correlates with outcome
regardless of the therapy) and predictive (correlates specifically
with response to PRRT) parameter for NENs.
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FIGURE 1. Pancreatic NEN with hepatic metastases (arrows). (A) Abdom-
inal contrast-enhanced CT showing 2 small arterially enhancing left hepatic
lesions. (B) Corresponding portal venous phase, where lesions are less con-
spicuous. (C) Transaxial PET images showing ®8Ga-DOTATATE avidity in
same lesions.

FIGURE 2. Abdominal contrast-enhanced MRI (with gadoxetate diso-
dium) in patient with pancreatic NEN with hepatic metastases. (A and B)
On arterial phase (A) and 20-min delayed-phase (B) images, 2 metastatic
lesions (arrows) show arterial enhancement and contrast washout during
delayed phase. (C and D) On arterial phase (C) and delayed-phase (D)
images, size of previous lesions on 18-mo follow-up MRI has increased.
Lesions are better delineated during delayed phase, facilitating accurate
size measurements.

MRI is superior to CT for detecting hepatic metastases (/8,19). As
with CT, multiphase MRI with intravenous contrast medium is rec-
ommended since most primary and metastatic NENs show arterial
enhancement. Additionally, diffusion-weighted imaging and the
delayed postcontrast phase using gadoxetic acid (hepato-specific
paramagnetic contrast agent) are useful for detection of hepatic
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metastases. Hepatic metastases typically show a high signal on
diffusion-weighted imaging (combination of T2 shine-through and
true diffusion restriction), making them more conspicuous; this
tool is especially helpful in patients with severe renal failure, for
whom intravenous gadolinium is contraindicated (/9,20). The
most sensitive tool for detection of hepatic metastases is the
20-min postcontrast delayed phase after intravenous administration
of gadoxetic acid (Fig. 2), which is retained in hepatocytes but not in
metastases, creating a high lesion-to-background contrast on the
delayed image. In addition to having high sensitivity for lesion
detection, the 20-min delayed phase allows for more accurate and
reproducible measurement of baseline and follow-up lesion dimen-
sions on imaging (20-23).

Findings on anatomic imaging associated with higher-grade
tumors, which apply to both CT and MRI, include large tumor
size (=2 cm), ill-defined margins, low or moderate arterial hyperen-
hancement, dilatation of the main pancreatic duct, vascular invasion,
and presence of nodal or distant metastases; findings specific to MRI
include nonintense T2 signal and, most importantly, high diffusion
restriction (24,25). Several studies show that apparent diffusion
coefficients inversely correlate with mitotic count and Ki-67 index.
A significant difference in apparent diffusion coefficients has been
observed between G1 and G2 tumors and between G1/G2 and G3
tumors, with suggested apparent diffusion coefficient cutoffs of
below 0.95 X 1072 to 1.19 X 10~ mm?/s for G3 tumors (8,19).

PET RADIOPHARMACEUTICALS

Introduced in 2001, *Ga-DOTATOC was the first PET-SSA
ligand (26). As opposed to the SSTR-2-selective DOTATATE,
DOTATOC retains an octreotide-like affinity profile (Table 1)

FIGURE 3. %8Ga-DOTATATE (A) and “Cu-DOTATATE (B) maximum-
intensity-projection PET images of metastatic NEN showing similar findings.
Both studies were performed as part of PET/MRI, with uptake times for
58Ga-DOTATATE and ®*Cu-DOTATATE being 113 and 118 min, respectively
(8 min/bed position for both).
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(27). A comparison of “*Ga-DOTATOC to *®Ga-DOTATATE
PET/CT in the same patients showed a similar diagnostic accuracy,
despite potential advantages for ®*Ga-DOTATOC in the total num-
ber of detected lesions and a higher SUV ., (28). Today, *3Ga-
DOTATOC and %*Ga-DOTATATE are the most commonly used
radiopharmaceuticals for imaging NENs, with no clear superiority
of either one of these compounds.

One of the main disadvantages of **Ga-SSA-based imaging is
the high liver background and short radiopharmaceutical half-
life. For the latter, newer SSTR radiopharmaceuticals, such as
4Cu-labeled SSA (Food and Drug Administration—approved in
September 2020) may provide an advantage. Figure 3 shows
the same patient imaged with the 2 different radioisotopes.
Potential advantages of *Cu include its longer half-life (12.7
h vs. 68 min for ®*Ga) and resultant higher target-to-background
ratios on delayed imaging, as well as a shorter positron range in
tissue (mean, 0.6 mm, vs. 3.5 mm for 68Ga). These factors may
result in better imaging characteristics, especially at later times
(3-24 h after injection) (29). Conversely, **Cu has a significantly
lower positron branching ratio (0.17) than *®Ga (0.89), which
may degrade image quality or at least require a longer acquisition
time. A prospective head-to-head comparison of **Cu-DOTA-
TATE and ®®Ga-DOTATOC PET/CT in 59 subjects with NENs
showed **Cu-DOTATATE to be advantageous, detecting 83%
of the true-positive lesions that were discordant between the
radiopharmaceuticals (30). However, dual-time-point imaging
with ®*Cu-DOTATATE in 35 patients showed similar accuracy
for 1-h and 3-h imaging (37), suggesting that the improved detec-
tion rate seen in the previous study was due to factors other than
the target-to-background ratio. Notably, **Cu-DOTA is prone to
demetallation and transchelation in vivo, and better results may
be expected with new sarcophagine-based chelators (32).

The SSAs discussed thus far are SSTR agonists, resulting in acti-
vation and internalization of the receptor on binding. Radiolabeled
SSTR antagonists, such as %8Ga-DOTA-JR11, are characterized by
a lack of internalization, rapid blood-pool clearance, and greater
tumor uptake, aiding detection of metastases (33). A prospective
head-to-head comparison between %8Ga-NODAGA-JR1 1, a SSTR
antagonist, and %®Ga-DOTATOC PET/CT in 12 patients with
NENs demonstrated that the favorable biodistribution of the antag-
onist resulted in a higher detection rate of hepatic metastases and a
significantly greater lesion-based overall sensitivity (94% vs.
59%) (34).

When SSTR imaging is suboptimal, other PET agents have
been developed to target different receptors overexpressed by
the NENS, including the glucagon-like peptide 1 receptor ligand
®8Ga-DOTA-exendin-4, which may facilitate the detection of
benign insulinomas (frequently SSTR-negative) (35,36). The
CXCR-4 ligand %®Ga-pentixafor seems superior to conventional
SSTR imaging for G3 NETs, but its role relative to '*F-FDG PET
remains to be determined (37). SSTR PET typically shows high
uptake in well-differentiated or low-grade lesions and lower
uptake in poorly differentiated or high-grade lesions. In the latter
scenario, '®F-FDG PET is complementary in that it detects
aggressive, poorly differentiated disease with higher grade and
worse prognosis (Fig. 4; Supplemental Figs. 1 and 2; supplemen-
tal materials are available at http://jnm.snmjournals.org). No
more than around 40% of patients with G1 disease are thought
to have '®F-FDG uptake, whereas almost all patients with G3 dis-
ease have 'F-FDG uptake (38—41). Since NENs are vastly het-
erogeneous and it would be impossible to sample all lesions in
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FIGURE 4. Maximum-intensity projection images of patient with meta-
static grade 1 (Ki-67 < 2%) NEN from small-bowel primary. (A) ®3Ga-DOTA-
TATE PET shows prominent uptake in primary tumor, lymphadenopathy,
and liver metastases. (B) '®F-FDG PET shows no abnormal uptake (arrow
points out incidentally noted fractured rib).

the body, the combination of SSTR and '*F-FDG PET provides a
noninvasive understanding of disease heterogeneity and likeli-
hood of PRRT response (42).

Currently, '*F-FDG PET is used for staging G3 disease and can be
used to complement SSTR PET when Ki-67 is 10% or more (41).
Also, a positive 'SF-FDG PET result may be used to reconsider
PRRT for a patient. Specifically, the combination of high SSTR
and low '8F-FDG avidity increases the likelihood of benefit from
PRRT; however, the ratio of differentiated to dedifferentiated dis-
ease at which PRRT ceases to be useful remains to be determined.
In fact, it seems possible that in the event of marked uptake on
SSTR PET with limited sites of '*F-FDG-avid disease, a combina-
tion of PRRT and targeted external radiation to the 'F-FDG-avid
lesions may prolong survival. Ultimately, a combination of SSTR
and '8F-FDG PET will likely provide a synergistic pictorial road
map of disease for determining when to use PRRT, combination
PRRT, and targeted external radiotherapy versus an alternative ther-
apy (43—495).

TUMOR QUANTIFICATION, CURRENT GUIDELINES, AND THE
KRENNING SCALE

SSTR PET can be used to assess SSTR expression visually and
semiquantitatively. Cell membrane—based SSTR-2 expression
on immunohistochemistry in NENs correlates with the SUVs
on 8 Ga-DOTATOC PET/CT (46). Some cases considered neg-
ative on immunohistochemistry demonstrated mild uptake on
SSTR PET, possibly because of SSTR-5 binding or tumor hetero-
geneity. Campana et al. (47) suggested that the SUV,,,, corre-
lated with clinicopathologic features of NENs and could serve
as a prognostic index, alongside anatomic location, primary
tumor grade, and Ki-67 status. Velikyan et al. (48) reported
that kinetic modeling parameters, rather than SUV, reflected
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receptor density more accurately based on absence of a linear
correlation between SUV and net uptake rate in tumors with
high SSTR expression. Specifically, SUVs correlated with recep-
tor density at low values, with a nonlinear relationship thereafter
leading to underestimation of receptor expression. Although this
finding might reflect plasma peptide availability as a limiting fac-
tor for tracer uptake in patients with high SSTR expression and
high tumor burden, an alternative explanation could be related
to receptor saturation.

More recently, volumetric parameters have been evaluated in
well-differentiated NENs (49). Specifically, the concept of SSTR-
expressing tumor volume, representing the volume of tumor with
more than 50% SUV ., and total-lesion SSTR expression, calcu-
lated as SSTR-expressing tumor volume X SUV ., in the volume
of interest, have been defined. A sum of each of these volumetric
parameters can be calculated; the literature suggests there may be
a significant correlation between whole-body cumulative SSTR-
expressing tumor volume and progression-free survival after
PRRT. Nevertheless, estimation of tumor volume based on uptake
will likely remain problematic given the intrinsic heterogeneity in
tumoral SSTR expression.

Recent guidelines formulated under the auspices of the European
Association of Nuclear Medicine recommend the use of ®3Ga-
labeled SSAs in combination with CT or MRI for diagnosis, for stag-
ing, for restaging after surgery, for following progression, and for
known or suspected NETs (50). The National Comprehensive Can-
cer Network guidelines recommend SSTR PET before PRRT for
advanced NENs (57). Although a few studies using **Ga-DOTA-
TOC have suggested that SUV . thresholds be used to determine
eligibility for PRRT—for example, SUV ., cutoffs of 17.9 (52)
and 16.5 (53)—differences between scanners and imaging techni-
ques may produce slight variations, which make SUV ,,, problem-
atic to use. An alternative is to use a tumor-to-liver ratio of 2.2
(53). The American College of Radiology practice parameters sug-
gest visually assessed tumor uptake equal to or more than liver
uptake as an eligibility criterion for PRRT (54).

The Krenning score was developed using ' 'In-pentetreotide scin-
tigraphy (8) and has been extrapolated to SSTR PET (modified
Krenning score). A 5-point scale has been proposed on the basis
of a qualitative assessment of lesion uptake relative to blood pool
and hepatic activity, where 0 is no uptake, 1 is very low uptake, 2
is uptake no more than in the liver, 3 is uptake greater than in the
liver, and 4 is uptake greater than in the spleen (55). However, the
relationship between the Krenning score from '''In-pentetreotide
scintigraphy and the modified Krenning score from SSTR PET is
limited (56). Disease has a bias toward higher scores on SSTR
PET than on '''In-pentetreotide scintigraphy (Supplemental Fig.
3). Part of this bias is due to differences in equipment (higher sensi-
tivity of PET vs. planar scintigraphy or SPECT) and imaging time
points ('!'In-pentetreotide scintigraphy at 24 h after injection vs.
SSTR PET at 1 h after injection).

Although there are few formal data to support the use of SSTR
PET over '''In-pentetreotide scintigraphy, SSTR PET has become
the standard for pre-PRRT patient selection because of its higher
sensitivity, faster imaging times, and lower radiation dose. For
lesions larger than 2 cm, it is appropriate to use the modified Kren-
ning score, and PRRT should be considered with a score of 3 or 4.
Caution should be used before treating patients with lesions smaller
than 2 cm with a modified Krenning score of 3 or 4, as these patients
are unlikely to have fulfilled criteria if imaged with '''In-pentetreo-
tide. This is to emphasize that the current data do not provide
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sufficient evidence for the use of SSTR PET in this setting. PRRT
should not be considered when lesions show no or low uptake on
SSTR PET.

REPORTING SSTR PET

There is a need for standardized interpretation of SSTR PET given
that findings on baseline imaging partly determine treatment success
with radioligand therapies (57). The report (Supplemental Fig. 4)
should include a concise clinical history, including NEN subtype,
tumor grade and differentiation, and prior treatments (medical or
surgical). The imaging parameters, in terms of the specific radiopep-
tide and its administered activity, uptake time, duration of imaging
(time per bed position), and area imaged, should be documented.
Comparison and correlation with any prior SSTR imaging, '*F-
FDG PET, and other anatomic imaging should be performed. Find-
ings should detail the site and size of the lesions (the latter if seen on
corresponding CT/MRI) and uptake intensity, which can be
expressed semiquantitatively (commonly as SUV,,.,,). The pattern
of tracer uptake (intralesional heterogeneity) and assessment of
lesion resectability (i.e., relation with vascular and major structures)
may be helpful to further guide management. The conclusion should
provide the modified Krenning score, and additional diagnostic
examinations or follow-up can be suggested.

The NETPET score is a grading system that combines findings on
SSTR and '®F-FDG PET with a single parameter (58). This scoring
system has been developed as a prognostic biomarker. Although
rarely included in reports since SSTR and '*F-FDG PET are not rou-
tinely performed together, its rate of inclusion may change in the
future.

The SSTR reporting and data systems (RADS) has also been
introduced as part of the umbrella molecular imaging RADS, a
5-point scale (from 1 [no evidence of disease and definitely benign]
to 5 [high certainty of NEN]) indicating both disease site and radio-
tracer avidity (55). SSTR RADS entails a 3-point qualitative scoring
of uptake level, where up to 5 target (largest, most avid) lesions can
be identified, with overall score defined as the highest scored lesion.
A summed RADS score, including all 5 target lesions, has also been
suggested (59). Future validation of this framework is warranted,
including inter- and intraobserver agreement studies and histopa-
thology correlation.

Disease Burden, Outcome Prediction, and
Response Assessment

SSTR expression is both a prognostic (correlates with outcome
regardless of therapy) and predictive (correlates specifically with
response to PRRT) parameter for NENSs. (60). The current literature
suggests that higher baseline SUVs on SSTR PET predict better
post-PRRT outcomes. Oksiiz et al. (52)

(e.g., Krenning grade 4) is associated with response to PRRT in
only 60% of patients (61).

The literature on response evaluation is more variable, and we are
only beginning to understand how post-therapy SSTR PET corre-
lates with endpoints such as time to progression, progression-free,
and overall survival. Haug et al. (62) studied SUV ., and tumor-
to-spleen ratio for prediction of time to progression and clinical
outcome after a first PRRT cycle in well-differentiated NENs. The
authors found that reduced uptake after therapy predicted time to
progression and correlated with clinical improvement. Further, inter-
val change in tumor-to-spleen ratio was superior to interval change
in SUV ... Meanwhile, Gabriel et al. (6) reported essentially ran-
dom SUV fluctuations after PRRT. The question remains: Does
diminishing tumoral radiotracer uptake reflect true disease improve-
ment or is there a higher degree of tumor dedifferentiation with loss
of SSTR expression? Accordingly, the recently updated appropriate-
use criteria (63) for SSTR PET notes that response should be
assessed by the disappearance of known lesions or development of
new lesions, rather than changes in SUVs.

Monitoring response to PRRT with SSTR PET and attempting
to interpret the biologic significance of tumor uptake change are
challenging. One study evaluated 46 patients with advanced
NENS treated with 2—7 cycles of PRRT and compared the results
from the post-therapy “®Ga-DOTATATE PET to CT/MRI with
RECIST. The authors found little advantage to SSTR PET over
conventional imaging for response assessment (6). In another
study, of 66 patients, %8Ga-DOTATOC and '®F-FDG PET was
done at baseline, at 3 mo, and again at 6-9 mo after completion
of PRRT. The authors concluded that uptake on '*F-FDG PET
at baseline and follow-up had a stronger correlation with the out-
come than did SSTR PET and that combination imaging with
both radiopharmaceuticals might be advisable across all tumor
grades (43).

Also, a high overall tumor burden and tumor heterogeneity on
SSTR PET is likely to be associated with worse prognosis.
SSTR PET helps in assessing the heterogeneity of NENSs that exist
at the interpatient, intrapatient, interlesional level at a specific time
point or longitudinally at different time points. This heterogeneity
implies a variety of cells displaying variable characteristics in
terms of metabolism, proliferation, metastatic potential, and ther-
apy response. Distinct metastases may harbor different cellular
clones with varying SSTR expression. The primary tumor and
its metastases may also differ. Indeed, this may impact the chance
of PRRT success and explains why cure is rarely possible with sys-
temic metastatic disease. In a study by Graf et al. (64), only
patients with at least 90% of metastases positive for SSTR were
treated with PRRT. Positive lesions were viewed in 3 dimensions,

reported that high pretherapy primary tumor
uptake suggested a good response to PRRT;
Kratochwil et al. (53) reported that high pre-
therapy uptake in liver metastases suggested
a good response; and Ambrosini et al. (60) .‘ #
reported better outcomes in patients with »

high baseline SUVs. To avoid scanner-
related variations, parameters such as

A B

tumor-to-liver and tumor-to spleen ratios

may be used. It has been reported that a
tumor-to-liver ratio of more than 2.2 is pre-
dictive of a favorable response. It has, how-
ever, been demonstrated that a high uptake
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FIGURE 5. A 60-y-old woman with small-bowel NET on octreotide therapy. ®®Ga-DOTATATE PET/
CT (maximum-intensity projection [A], transaxial PET [B], CT [C], PET/CT [D]) shows prominent uptake
at tumor sites. This finding would make patient eligible for PRRT, but overall limited extent of disease in
liver and retroperitoneum favors surgical resection over PRRT.
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and a lesion that had a change in score from 3 or 4 to 2, or from 2 to
1, that persisted over more than 5 mm in any plane was defined as
heterogeneous. Only the solid portion of a necrotic lesion was
assessed. I[f more than 50% of lesions were deemed heterogeneous,
the patient was labeled as heterogeneous. This study confirmed
that heterogeneity had a negative impact on overall survival and
time to progression after PRRT. Indeed, heterogeneity surpassed
Ki-67 as a prognostic marker, especially related to PRRT, rein-
forcing the suspicion that PRRT may target the less aggressive,
SSTR-positive cells, sparing the rest. Thus, even when decreased
tumor size suggests response by RECIST, the more aggressive
cells might remain viable. These observations highlight an intrin-
sic flaw of using quantitative parameters such as SUV ., alone,
which do not account for the intralesional variation in SSTR
expression. Interestingly, some authors have observed that, after
PRRT, heterogeneous lesions may become more homogeneous.
In the future, use of textural characteristics such as entropy and
skewness may prove superior to our current methodology for
lesion analysis.

Recently, a prospective study on 158 patients divided into 3 indepen-
dent ""Lu-PRRT cohorts demonstrated that specific circulating tumor
transcripts (messenger RNA) specifically predict the outcome of
PRRT and therefore represent a marker of radiosensitivity (65), whereas
the circulating transcript signature NETest allows accurate monitoring of
the course of disease during treatment and integrates with imaging (66).

The primary site of the tumor, which can often be elucidated with
SSTR PET, is a prognostic factor and should be incorporated in the
decision algorithm for PRRT. Midgut and pancreatic NENs are
included in the Food and Drug Administration—approved indications
for PRRT. Bronchial NENs represent a special category, with typical
tumors considered more appropriate for PRRT because of higher
SSTR expression. In the case of a pheochromocytoma or paragan-
glioma, the current recommendation reserves PRRT for
metaiodobenzylguanidine-negative tumors only, for which '*'I-meta-
iodobenzylguanidine treatment is precluded. The distribution and
extent of disease, ideally evaluated with SSTR PET, also affects man-
agement. In general, caution is needed in tumors with extensive mes-
enteric and peritoneal involvement, since PRRT may increase the risk
of complications from a desmoplastic reaction. As the tumors metasta-
size, the total tumor burden may play a role, depending on the primary
site of disease. For example, pancreatic NENs with more than 25%
liver involvement and bone metastases have worse prognosis, whereas
gastric NENs show no significant difference in outcome based on dis-
tribution (67). In general, tumor burden is termed limited if fewer than
5 lesions are detected at 1 site, moderate if more than 5 lesions at 2 sites,
and extensive if more than 2 sites are involved, and this affects the
treatment approach (Fig. 5). Most gastroenteropancreatic NENs pre-
sent with hepatic metastases at diagnosis despite low Ki-67, and the
presence of hepatic metastases profoundly decreases overall survival.
PRRT may be helpful for nonresectable hepatic metastases and indeed
may render the lesions resectable. In liver-dominant disease, intraarte-
rial PRRT is being investigated.

CONCLUSION

SSTR PET is the preferred imaging modality at initial diagnosis of
low- and intermediate-grade NENSs, especially for localization of the
primary tumor and determining disease extent. SSTR PET is essen-
tial for selecting patients for PRRT, whereas its role in response
monitoring is still being evaluated. Although SSTR expression can
be assessed visually and semiquantitatively, with various suggested
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thresholds, a modified Krenning score is used in current clinical
practice.
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Artiﬁcial intelligence (AI) continues to deliver a remarkable
impact on numerous and highly diverse fields, such as physics,
natural language processing, finance, human resources, image
processing, protein folding (), and prediction of viral mutations
(2). In broad terms, Al is any technology that can learn how to
perform tasks from example data or experiences. This technology
contrasts with the conventional paradigm of a human programmer or
engineer providing extensive and exhaustive instructions in order for
a task to be performed.

The power of Al is beyond question, but its adoption, as with other
groundbreaking technologies, can initially lead to concerns, skep-
ticism, and even ethical questions. In particular, use of Al in medical
imaging has demonstrated immense potential (3), but a key question
is how much we can trust Al in the formation of images that inform
clinical decisions, when lives of patients are often at stake.

This brief article will consider the methodologies, benefits, and
concerns regarding Al for the case of the formation, or reconstruc-
tion, of PET images (4) and will focus on a subdiscipline of Al,
namely deep learning (5). We will define deep learning and then use
this term interchangeably with Al.

UNDERSTANDING Al AND DEEP LEARNING

So what is deep learning exactly? Deep learning can be considered
as a sequence of steps that operate on input data to perform a desired
task, with the steps being learned from example inputs and desired
outputs (training data). These sequences of operations are compa-
rable to conventional computer code, which similarly executes a
sequence of operations designed (without training data) to
specifically accomplish tasks. Therefore, deep learning can be
more generally regarded as a data-informed, trainable version of our
existing, well-established algorithms.

Taking the example task of PET image reconstruction, algorithms
that have been developed by the PET reconstruction community
over many decades (drawing on knowledge from imaging physics,
mathematics and statistics), can now also be integrated into the
learning Al paradigm. Better still, state-of-the-art image reconstruc-
tion methods can likely be made even more reliable with
Al-informed refinement.

However, Al has been frequently misunderstood, either because
of the notion of Al being a black box, or as a result of conventional
low—dimensional mathematical perspectives on fitting models to
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limited data. The black box misconception originates partly from the
highly successful use of deep learning in computer vision tasks, in
which its performance has launched deep learning to its deserved
level of current recognition. Early successes via the automated
hierarchical feature-learning of convolutional neural networks have
resulted in large uptake of these networks to other tasks, in which
there has been a temptation to use these large architectures without
careful design considerations, relying instead on large numbers of
trainable parameters. Use of poorly justified and highly parameter-
ized architectures has made it easy to dismiss any chance of
understanding (let alone designing) these sophisticated nonlinear
mappings, fueling Al skepticism. As for conventional mathematical
perspectives on the feasibility of optimization and fitting to limited
data in high dimensions, these have proven not to be the
showstoppers that they were expected to be. On the contrary, deep
learning’s success has revealed a need to revise our thinking on
optimization, regularization, and generalization.

Hence, the rapid progress of Al methods, sometimes with loss of
principled design choices and often to the surprise of conventional
mathematical thinking, has resulted in concern over the interpret-
ability and trustworthiness of Al. This situation has not been helped
by reduced levels of rigor arising from the surge of innovation and
exciting successes. But black box concerns (Fig. 1) and conventional
mathematical views on optimization are becoming dated perspec-
tives, particularly in the context of deep learning for signal and
image processing. In these fields, increasingly meaningful design
choices are being made by embedding the Al paradigm into
conventional and well-understood algorithmic processing (such as
the discrete Fourier and Radon transforms).

WHY USE Al FOR PET IMAGE RECONSTRUCTION?

In applying Al to image reconstruction for PET, we are
recognizing that PET image reconstruction actually needs help.
First, improving spatial resolution and lowering noise in PET images
will very likely assist in the clinical utility of PET. Second, even if
current image quality is deemed acceptable, the desire for shorter
acquisition times or reduced radiation doses will require more
advanced techniques to try and retain standard image quality from
lower-count (noisier) data. Similarly, achieving higher temporal
resolution, such as for improved motion correction, will likewise
demand improved reconstruction.

Let us now recall what reconstruction actually is: it is the use of
raw list-mode or projection data acquired from a PET scan to form an
image representing a radiotracer’s spatiotemporal distribution
within the human body. For conventional PET, the spatial resolution
of such images is of the order of a few millimeters, and the temporal
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resolution is of the order of many seconds. These limitations are due
to limited photon counts, scanner design, and physics. Nonetheless,
advances in statistical image reconstruction methods for PET have
made greater use of the acquired data, lowering image noise and
improving spatial and temporal resolution, through accurate
modeling of the imaging physics and statistics and through use of
prior information (including from CT or MRI). Even with such
progress, the limited counts and resolution still place a performance
ceiling on the potential of PET for clinical imaging, and as
mentioned, the desire to reduce the dose and to shorten scan times
means that limited data pose ongoing challenges to PET image
reconstruction.

This is where Al can make a huge difference, in 2 main ways.
First, with sufficient example data, Al can learn the vast (but
nonetheless highly restricted) set of PET images that can
realistically ever be expected from a PET scan (this set is often
referred to as the manifold). For example, we know a PET scan can
never deliver a CT or MR image, let alone a natural photographic
image. Yet the mathematics of current image reconstruction
methods do not exploit any of this obviously robust prior
information but instead can readily accommodate wrong images.
This is because current state-of-the-art image reconstruction uses
simple, mathematically convenient priors for PET images, which
are excessively general (e.g., requiring only that the images be
smooth, to suppress noise but at the cost of resolution and details).
This process discards considerable amounts of a priori informa-
tion. In contrast, AI’s learning of the manifold of all feasible PET
images can be applied to make better use of each and every
acquired count in a PET scan. Acquired PET data can therefore be
projected, or encoded, into this realistic manifold.

Second, since this learned manifold of all feasible PET images can
in fact be represented in infinitely many ways, Al can learn how to
encode the acquired PET scan data into latent feature representations
that best serve our desired goals. These representations include
reduced-dimension representations (bottlenecks) to assist in noise
reduction and can also involve projection to higher dimensions to
assist in classification tasks. The point is that Al can learn how best to
capture and encode key explanatory information, salient to our task,
from a given scan.

Al ror PET IMAGE RECONSTRUCTION  *

There are currently 3 main approaches to
using Al in PET reconstruction. The first
group of approaches, direct Al (e.g., AUTOMARP (6) or DeepPET
(7)), learns an encoding from the raw data, via a latent feature
space, to decode to the desired image. The key point here is that
the overall mapping is trained by supervised learning, in order to
take noisy raw PET data and deliver inferences of the ground-
truth object or high-quality reference image, according to the
pairings of datasets used in the training phase. Direct Al can
easily be understood by comparison to conventional curve-fitting
and regression tasks, except that in the case of deep learning of
PET reconstruction we are performing regressions with
extremely high-dimensional vectors. The input raw PET data
are fully 3-dimensional sets of measured (time-of-flight) sino-
grams (with ~10°-10° bins), for mapping to output
3-dimensional images (with ~107 voxels). At present, these
direct deep learning methods look to be impractical, having been
demonstrated only for small 2-dimensional reconstructions (e.g.,
128 X 128 images), as they have colossal demands for
computational memory and training set sizes (>10° datasets).
Furthermore, they may not generalize well for unseen data (e.g.,
for data that are too different from the example training data).
Early tests of direct methods for real-data 2-dimensional PET
reconstructions have delivered images that have yet to convince
some experts.

By far the more promising methods, sometimes called physics-
informed Al, take the learning paradigm from Al and integrate
this into our existing state-of-the-art statistical iterative image
reconstruction methods. Here, the standard iterative loop of an
image reconstruction algorithm (such as ordered-subsets expec-
tation maximization) is unrolled, or unfolded (8), into a deep
network—the word deep meaning that there are many successive
steps, as indeed in any piece of computer code. Iterative
reconstruction is thus nothing more than a deep cascade of
successive operations, each operation taking the raw PET data
and progressively transforming it (by a series of operations,
primarily forward and back projections) into a reconstruction of
the PET radiotracer distribution. Deep learning is then integrated
into the unfolded reconstruction to provide rich, data-informed,
prior information to the iterative process, which makes repeated
use of the actual raw data throughout. Thus, the benefits of
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decades of reconstruction research are combined with the power
of the AI paradigm (i.e., learning from high-quality reference
datasets), allowing the manifold of feasible PET images to be
used as a powerful, yet relatively safe (data-consistent), prior in
the image reconstruction process. Compared with direct Al
methods, the need for training data in these unrolled methods is
reduced by orders of magnitude, as the physics and statistics of
PET data acquisition do not need to be learned from scratch.
Furthermore, their scope for generalization to unseen data is
better than that of direct methods, as has been demonstrated in
other imaging inverse problems (9).

The third main category of Al for PET reconstruction acts on
existing standard reconstructed PET images. Such postprocessing is
much simpler to implement, and this is where advances are being
quickly made, with commercial options already available (such as
subtlePET [https://www.subtlemedical.com], which seeks to map low-
count [25% dose] PET images to their full-dose equivalents). Research
in this area is burgeoning, with a myriad of differing deep network
mappings being proposed, to denoise, upgrade, and even mimic state-
of-the-art PET reconstructions from higher-count data (/0).

At present, nearly all Al methods for PET reconstruction have
leaned heavily on convolutional neural network (/7) mappings.
However, the surge of more advanced data-mixing architectures, such
as the immense success of transformers (/2), with their powerful self-
attention mechanism for rapid learning of long-range contexts in data,
has yet to reach the PET reconstruction community, but it is sure to
come. These highly successful architectures should deliver still more
powerful ways of harnessing all acquired PET data to generate feature-
rich manifold embeddings, benefiting clinical imaging tasks and even
ultimately aiding management of the patient pathway.

PROBLEMS TO TACKLE AND OUTLOOK

There have, however, been ongoing expressions of concern
regarding Al. For example, in the context of MRI the risk of
hallucinations, artificial features, and instability has been studied
(13). Such problems, even evidenced in physics-informed
approaches (unrolled iterative methods), will need comprehensive
investigation, research, and resolution for PET image reconstruction
in order to deliver the robustness required for clinical imaging.

A crucial part of such research will be the need for benchmark
datasets through which new Al algorithms for PET image recon-
struction can be assessed. Such datasets ideally need international
collaboration and contributions from clinicians and researchers in
reconstructions from multiple institutions. Such datasets have
already existed for decades in the image processing community
and have been established more recently in the deep learning,
computer vision, and MRI communities (e.g., CIFAR, MNIST,
ImageNet, and fastMRI (/4)). Ideally, benchmark datasets for PET
image reconstruction should be provided and linked with particular
clinical tasks (e.g., neurological disorder diagnosis or tumor
detection).

Furthermore, to have confidence in the high image quality that can
be delivered by Al approaches to image reconstruction, the arrival of
evidential deep learning is timely. Also known as Bayesian deep
learning, these approaches not only would provide high-quality
reconstructed PET images but also deliver unequivocal indications
of the AI’s uncertainty (known as epistemic uncertainty) in various
regions and details of the image—information that would be crucial
during clinical reading.
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Although supervised learning remains central to current
developments in PET reconstruction, the field will need to exploit
larger datasets for which the costly ground truth labels or targets
are not known. Unsupervised pretraining of networks has shown
great potential in computer vision, and image reconstruction
models could very likely benefit from pretraining with unlabeled
data, followed by fine tuning with the labor-intensive supervised
labels. Better still, self-supervised learning paradigms should
prove useful. In essence, instead of providing explicit, labor-
intensive example inputs and outputs, only example data are
provided, along with instructions on how to create the set of inputs
and targets from the data for supervised learning. Self-supervised
approaches have enabled training of huge-scale language models,
including powerful transformer-based architectures such as
GPT-3.

CONCLUSION

Al is here to stay, and validated PET reconstruction that makes
use of its power will deliver images of enhanced clinical benefit,
compared with methods that ignore its capabilities. Yet to arrive at
this point it will be necessary to build confidence, and 2 approaches
may help. First, adoption may need to be in a gentle, progressive
fashion. At the very simplest level, deep learning can provide
optimization of merely the degree of standard image smoothing,
which has low risk but also a reduced degree of benefit. This small
step up from our existing regularized reconstruction methods could
allow use of Al to decide how much anatomical (CT or MRI)
guidance information can reliably be applied for PET reconstruction.

Second, to ensure safe adoption of more sophisticated Al
methods, it may prove necessary to use routes such as evidential
deep learning, in which, for example, epistemic uncertainty is clearly
expressed alongside the images. The Al output would thus be
twofold: “this is the best estimate of the image for the patient” and
“this is my confidence level for each detail and region in the image.”

The methods that are set to flourish will harness all our knowledge
of physics, math, and statistics for PET reconstruction and
synergistically combine these with the learning power of Al, with
feasible demands for training data. Simply put: there is no reason to
learn from scratch that which we know well already, and conversely
there is no reason to insist on simple mathematical expressions for
complex images. For example, we cannot analytically derive or
program what a feasible PET image should look like, but deep
learning can do this with ease.

Finally, the endpoint assessment of the impact of Al reconstruc-
tion on clinical tasks, preferably with well-understood benchmark
datasets, will of course be essential. Without question, in the
development and validation of AI for reconstruction, critical
feedback from clinicians will be needed more than ever.
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Integrated PET/MRI has shown significant clinical value for staging
and restaging of children with cancer by providing functional and
anatomic tumor evaluation with a 1-stop imaging test and with up
to 80% reduced radiation exposure compared with '8F-FDG PET/
CT. This article reviews clinical applications of '®F-FDG PET/MRI
that are relevant for pediatric oncology, with particular attention to
the value of PET/MRI for patient management. Early adopters from
4 different institutions share their insights about specific advantages
of PET/MRI technology for the assessment of young children with
cancer. We discuss how whole-body PET/MRI can be of value in
the evaluation of certain anatomic regions, such as soft tissues and
bone marrow, as well as specific PET/MRI interpretation hallmarks
in pediatric patients. We highlight how whole-body PET/MRI can
improve the clinical management of children with lymphoma, sar-
coma, and neurofibromatosis, by reducing the number of radiologic
examinations needed (and consequently the radiation exposure),
without losing diagnostic accuracy. We examine how PET/MRI can
help in differentiating malignant tumors versus infectious or inflamma-
tory diseases. Future research directions toward the use of PET/MRI
for treatment evaluation of patients undergoing immunotherapy and
assessment of different theranostic agents are also briefly explored.
Lessons learned from applications in children might also be extended
to evaluations of adult patients.
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Traditional 1-stop imaging tests, such as CT and PET/CT, are
associated with considerable radiation exposure and risk of secondary
cancer development later in life (/,2). This is particularly concerning
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for children, as they are more sensitive to radiation effects than
adults are. Because advances in cancer therapy have significantly
improved survival in pediatric cancer patients, these patients now
live long enough to encounter secondary cancers (3—5). Integrated
PET/MRI provides cancer staging and restaging with up to 80%
reduced radiation exposure compared with PET/CT by replacing
CT with MRI for anatomic colocalization of radiotracer data (6).
Although many studies have addressed the technical aspects of a
PET/MRI examination, few studies have discussed how PET/MRI
can improve patient management compared with standard imaging
modalities. For this review article, we have assembled a team of
early adopters of pediatric PET/MRI from different backgrounds
(radiologists, nuclear medicine physicians, and researchers), differ-
ent hospitals, and different states or countries who summarize
important clinical-translational PET/MRI applications for children
with cancer and predisposition syndromes. This article focuses on
new developments in the field of PET/MRI, with particular atten-
tion to patient management.

CLINICAL APPLICATIONS OF PET/MRI IN CHILDREN WITH
CANCER AND NEUROFIBROMATOSIS TYPE 1

Special Considerations for PET/MRI of Children

PET/MRI of children under the age of 6 y usually requires seda-
tion or anesthesia to minimize patient motion. A significant benefit
of integrated PET/MRI compared with 2 separate examinations for
young children is a reduction in the number of sedations, which
reduces the risk of related complications, such as aspiration, and
adverse neurocognitive effects (7). In addition, the high soft-tissue
contrast provided by MRI can help in the differentiation of age-
dependent normal from abnormal findings.

One of the most common physiologic findings in the pediatric age
group is increased '®F-FDG uptake in the Waldeyer ring and cervical
lymph nodes. In patients with intrinsic high '*F-FDG activity in the
Waldeyer tonsillar ring, MRI can help to characterize normal tonsils.
Preserved tonsil morphology with homogeneous signal intensity and
symmetric '*F-FDG uptake is likely benign, whereas globular tonsil
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high sensitivity for detecting metastatic
lesions because of increased water content
and increased vascularity; however, sensi-
tivity may be decreased in children with
red marrow. The detection of metastases
is improved with the addition of '*F-FDG
PET, which increases the sensitivity from
82% to 96% (15). When compared with
normal marrow, bone marrow metastases
demonstrate increased 'SF-FDG uptake,

| 14

FIGURE 1. '®F-FDG PET/MRI helps to characterize activity in tonsils and stage patients with lym-
phoma. (A and B) Axial T2-weighted fat-saturated fast-spin-echo (FSE) image (A) and '®F-FDG PET
image (B) of 15-y-old boy with follicular lymphoma show symmetric morphology and marked '8F-
FDG uptake of both tonsils with reactive hyperplasia. (C and D) Axial T2-weighted FSE image (C)
and '8F-FDG PET image (D) of 4-y-old girl with large B-cell lymphoma demonstrate asymmetric glob-
ular enlargement and relatively less intensive '®F-FDG uptake of left tonsil (arrows). Tonsillectomy
revealed large B-cell ymphoma in left tonsil and reactive tissue in right tonsil. Intrinsic uptake in tonsil
is more avid than lymphomatous involvement on second patient. Radiologists must be cognizant of this
caveat and integrate metabolic and morphologic information to increase diagnostic accuracy.

enlargement or asymmetric '*F-FDG activity is concerning for
malignancy (Fig. 1).

Prominent benign cervical lymph nodes are common in children.
In children, the short-axis diameter is less than 15 mm for normal
level I lymph nodes and less than 10 mm for all other cervical levels
(8). Vali et al. found increased '*F-FDG lymph node uptake in 29%
of patients who underwent PET/CT for non-head and neck tumors
(9). Benign lymph nodes had a lower SUV,,,, than malignant
lesions, with a mean SUV ., of 2.1 and 4.2, respectively. A sug-
gested SUV,,.« cutoff for benign lymph nodes was less than 3.2.
Diffusion-weighted imaging is helpful for identification of lymph
nodes, although it does not outperform size criteria for characteriza-
tion of malignant nodes (/0—12).

The thymus has a variable appearance depending on age, phys-
iology, and treatment status. The normal thymus can be large in
young children and will have a homogeneous signal intensity and
convex borders in the youngest patients. The borders become
straight in older children and concave in adolescents (/3). The
normal thymus usually has an SUV ,,, of less than 4 (/4). During
chemotherapy, the thymus shrinks because of physiologic stress.
Within approximately 12 mo after treatment, there is a recovery
phase in which the thymus can enlarge up to 1.5 times the original
size and demonstrate increased '*F-FDG uptake. This thymic
rebound is often accompanied by bone marrow reconversion.
MRI can confirm that the thymus has a homogeneous signal
and lacks restricted diffusion (/3).

Age-related changes are also seen in the pediatric bone marrow.
At birth, red marrow is seen throughout the skeleton. An orderly
conversion to yellow marrow follows a predicted course and is
most easily detected on non—fat-saturated T1-weighted images.
During the first year of life, the initial site of conversion to yellow,
fatty marrow is the epiphyses of the long bones, followed by the
diaphyses in young children and metaphyses in older children.
The last change is in the proximal metaphyses of the proximal
long bones, with residual red marrow often seen in teens and
young adults. The axial skeleton, including the spine and pelvis,
converts to red marrow over a slower course. The fluid-
sensitive, fat-suppressed sequences such as T2-weighted fast
spin echo and short-inversion-time inversion recovery, provide

PET/MRI IN CHILDREN WITH CANCER  *

low T1 signal (less than muscle or interver-
tebral disk as internal standards), increased
T2 signal, restricted diffusion, increased
water content, and increased contrast
enhancement on gadolinium-enhanced
MRI. Although one of these characteristics
might be masked, the rich information from
MRI allows for the detection of bone mar-
row metastases with higher accuracy than
is possible with bone marrow biopsies (16).

An example of how information from
PET/MRI helped in staging a patient is shown in Figure 2.

PET/MRI evaluation of pulmonary lesions is challenging; in
fact, diagnostic MRI of the lungs is difficult to perform because
of the inherent low proton density in the lungs, resulting in a low
signal-to-noise ratio, cardiac and respiratory motion artifacts,
and susceptibility artifacts at the tissue—air interface. Hence,
for characterization of small pulmonary nodules, additional chest
CT may be useful (17).

PET/MRI of Children with Lymphoma

"E.FDG PET is preferred for evaluation of lymphoma (78). Most
children with lymphoma have excellent long-term survival (19), and
minimizing ionizing radiation exposure is particularly important in these
patients. '"®F-FDG PET/MRI and PET/CT demonstrated equivalent
diagnostic performance for detection, classification, Ann Arbor staging,
and treatment response assessment of pediatric lymphoma (6,20,21).

There is a strong correlation between PET/MRI- and PET/CT-
derived SUV. SUVs on PET/MRI based on segmented attenuation
maps are lower than those on PET/CT using transmission-based
attenuation correction (6,20,22,23). Only a few studies reported
higher SUVs on PET/MRI than on PET/CT, and that was attributed
to '"®F-FDG trapping in the tumor due to an extended uptake time
(21). Since differences in SUV occurred in a systematic fashion,
they are not clinically relevant as long as the same modality is
used for a given patient.

'8E_FDG PET is superior to core biopsy in the detection of bone
marrow involvement (/6). Heacock et al. suggested that PET/MRI
had an advantage in the detection of bone marrow disease and enhan-
ces diagnostic confidence (22). The detection of bone marrow
involvement can facilitate earlier aggressive treatment. At some
institutions, bone marrow core biopsy can be avoided if PET/MRI
is negative for marrow involvement (24).

Sensitivity is lower for '*F-FDG PET/MRI than for PET/CT in
detecting subcentimeter lung nodules (/7); however, lung involve-
ment by lymphoma could be successfully depicted on PET/MRI,
because these nodules are typically larger and '*F-FDG-avid (21).

PET/MRI of Children with Sarcoma
For many children with solid malignancies, including pediatric
patients with osteogenic and soft-tissue sarcomas, MRI is already
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FIGURE 2. '®F-FDG PET/MRI detects tumor invasion into spinal canal in
18-mo-old boy with metastasized germ cell tumor. (A) Sagittal short-inver-
sion-time inversion recovery image, fused with simultaneously acquired
'8F_FDG PET image, demonstrates presacral mass (red arrow), which
extends into spinal canal. Also noted is "®F-FDG-avid lesion in S1 vertebra
(yellow arrow) and extradural focus posterior to L4 vertebra (blue arrow). (B)
Axial T2-weighted fast-recovery fast-spin-echo fat-saturated image shows
soft-tissue mass entering spinal canal (red arrow). Also noted are metastatic
lesions in S1 (yellow arrow) and right paraspinal muscle (orange arrow). (C)
Fast-recovery fast-spin-echo fat-saturated image fused with '8F-FDG PET
image shows hypermetabolism of all lesions. Information from PET/MRI
helped in staging by showing metastatic disease and extent of disease in
spinal canal, hence impacting patient management. Patient started chemo-
therapy right after PET/MRI.

therapy response better than changes in tumor size or MR contrast
enhancement (25,26). Patients with sarcomas who responded to che-
motherapy demonstrated increasing tumor apparent diffusion coeffi-
cient (ADC) values, while nonresponders demonstrated stable or
decreasing ADC values (26,27). We discovered that chemotherapy
first decreases glucose metabolism and then increases hydrogen pro-
ton diffusion in solid tumors (28). At 8-12 wk after the start of ther-
apy, most sarcomas demonstrate an excellent agreement between
changes in SUV and apparent diffusion coefficients (29). It is not
known if patients with a metabolic response on '*F-FDG PET, but
a delayed response on diffusion-weighted imaging, have worse out-
comes than patients with a concordant response on both imaging
modalities.

PET/MRI can also improve monitoring of pediatric tumors after
immunotherapy (29). Cotreatment with drugs that stimulate marrow
reconversion (e.g., granulocyte colony-stimulating factor) can mask
metastases. Intravenously administered ferumoxytol nanoparticles
are taken up by normal bone marrow and not tumor in the early
(0-1 h) postcontrast phase and, thereby, can improve tumor detec-
tion (30,31).

In the future, earlier identification of nonresponders might
help prevent side effects from ineffective therapies. Osteosarco-
mas contain high quantities of tumor-associated macrophages
(TAM) and have shown an impressive response to TAM-
targeted immunotherapies in mouse models (32,33). CD47
monoclonal antibodies activate TAM to phagocytose cancer
cells (34-38). Treatment with CD47 monoclonal antibodies sig-
nificantly inhibited tumor growth and increased survival in mice
with bone and soft-tissue sarcomas (36,39,40). We showed that
ferumoxytol MRI can detect TAM in oste-
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osarcomas in mouse models (40) and
patients (4/) and can monitor TAM
response to CD47 monoclonal antibodies
(42).

PET/MRI of Children with
Neurofibromatosis Type 1

In patients with neurofibromatosis type 1,
which is a cancer predisposition syndrome,
MRI provides a detailed depiction of periph-
eral neurofibromata and central nervous sys-
tem lesions (43). However, MRI provides
limited accuracy in detecting lesion transfor-
mation into malignant peripheral nerve
sheath tumors (MPNSTs) (44). '*F-FDG
PET can add information about increased
glucose metabolism in MPNSTs (Fig. 4)

FIGURE 3. '8F-FDG PET/MRI accurately stages rhabdomyosarcoma in 9-y-old girl. (A and B)
Maximum-intensity projection of '8F-FDG PET scan (A) and "®F-FDG PET/MRI scan (B) show avid
"8F_FDG uptake in lesion in thigh adductor muscles (blue arrow) and tiny additional '®F-FDG-avid
lymph node in lateral thigh (yellow arrow). MRI helps to exclude any bone marrow disease or cortical
invasion. (C and D) Axial contrast-enhanced fat-saturated T1-weighted MRI scan (C) and '®F-FDG
PET/MRI scan (D) demonstrate relation between primary tumor (arrow) and superficial and deep fem-
oral artery and vein. (E and F) Axial contrast-enhanced fat-saturated T1-weighted MRl scan (E) and "8F-
FDG PET/MRI scan (F) demonstrate small lymph node (arrow) posterior to vastus lateralis muscle. Pri-

mary tumor and lymph node were resected and positive for sarcoma.

the clinical standard for local staging. In these patients, integrated
"E_.FDG PET/MRI can provide local and whole-body staging in
one session (Fig. 3). Diffusion-weighted MRI can predict tumor
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(43,45,46). Higher 'SF-FDG uptake has
been shown in MPNSTSs than in benign neu-
rofibromatosis type 1 lesions, with sug-
gested SUV cutoffs ranging between
approximately 2.5 and 6 (43,45—48).

With respect to MRI, different parame-
ters such as rapid growth, ill-defined mar-
gins, and large size have been suggested
as potentially discriminative between
benign lesions and MPNSTs. (49). Lesion
apparent diffusion coefficient can reflect increased cellularity in
MPNSTs, with overall inconclusive results regarding its added
benefit (43,44,50). Recent studies have also assessed the
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in a single examination, and significantly
reduced diagnostic radiation exposure for
patients who need multiple scans during their
lifetime.

Table 1 summarizes PET/MRI basic pro-
tocols for pediatric oncology in 4 different

medical centers, and Table 2 describes the

FIGURE4. '®F-FDG PET/MRIenabled image-informed surgical planning in 21-y-old patient with neu-
rofibromatosis type 1. From left to right: axial fat-saturated T2-weighted image through pelvis reveals
heterogeneous lesion infiltrating sacrum (arrow); '8F-FDG PET fused with T2-weighted MRI scan shows

advantages of PET/MRI over PET/CT in
the management of pediatric cancer and pre-
disposition syndromes.

increased glucose metabolism of sacral lesion (SUV,,.x = 6; arrow); axial contrast-enhanced fat-satu-

rated T1-weighted MRI scan shows heterogeneous tumor enhancement (arrow); apparent diffusion
coefficient map demonstrates restricted diffusion of lesion with mean apparent diffusion coefficient
0f0.85-10"3mm?s, which is suggestive of MPNST. Curative treatment of MPNST is critically dependent
on early detection. Combined information from "8F-FDG PET and diffusion-weighted MRI led to tumor

resection and histologic confirmation of MPNST.

potential role of radiomic analyses on PET and MR images for
the detection of MPNST (46,51).

First studies investigating the value of integrated '*F-FDG PET/MRI
in neurofibromatosis type 1 confirmed the diagnostic roles of '*F-FDG
PET/MRI for lesion characterization and treatment planning (43,45). In
addition, these studies emphasize further advantages of PET/MRI over
sequential PET/CT and MR, including optimal alignment of MRI and
PET in cases of multiple neurofibromas that are closely related, compre-
hensive examination of the central nervous system and peripheral lesions

Infection or Inflammatory Diseases in
Pediatric Cancer Evaluation

Both infectious and inflammatory etiolo-
gies can coexist in children with cancer
and complicate assessment of PET/MRI
images. It is critical to be able to recognize
entities that are most likely attributed to nonneoplastic causes.

In the head and neck region, a sinusitis, otitis, or odontogenic
infection can demonstrate hypermetabolic activity; MRI provides
structural and functional contrast in soft tissues, helping in the dif-
ferential diagnosis with neoplastic lesions.

Intrathoracic infection and inflammation are commonly encoun-
tered in pediatric PET/MRI oncologic evaluations; pneumonia can
often present as a masslike region and can be recognized on the basis
of the segmental distribution of hypermetabolic activity as shown in

TABLE 1
'8F_FDG PET/MRI Basic Protocols for Pediatric Oncology at 4 Different Medical Centers

Institution, scanner model,

and FOV Basic protocol for children

PET/MRI acquisition time

and injected dose

Chest CT

Children’s Hospital of WB MRAC axial 3D T1 spoiled

Philadelphia; GE
Healthcare Signa (TOF);
FOV, WB

Children’s Wisconsin; GE
Healthcare Signa (TOF);
FOV, WB

University of Tubingen;
Siemens Biograph mMR;
FOV, WB

Stanford University; GE
Healthcare Signa (TOF);
FOV, wWB

gradient echo (LAVA Flex);
axial FRFSE Flex WB
diffusion-weighted imaging
(b = 50, 400, 800) (no
intravenous contrast); local
imaging if required

WB MRAC; axial 3D T1 spoiled

gradient echo (LAVA Flex)
(sagittal and coronal
reformats); axial FRFSE Flex
(no intravenous contrast);
local imaging if required

WB MRAC; contrast-enhanced

axial 3D T1 Dixon spoiled
gradient echo (VIBE); WB
STIR coronal; WB DWI (b =
50,800); local imaging if
required

WB MRAC; contrast-enhanced

axial 3D T1 spoiled gradient
echo (LAVA Flex); axial
FRFSE Flex; WB DWI (b =
50, 600 or 800); local imaging
if required

Varies with patient height;
WB scan; 30-60 min; PET,
3 min/bed = 5 y or 4 min/
bed < 5 y; injected dose,
3.7 MBa/kg

Varies with patient height;
WB scan < 30 min; PET, 3
min/bed; injected dose:
2.96 MBaqg/kg

Varies with patient height;
WB scan, 45-90 min; PET,
6 min/bed; injected dose,
3.7 MBa/kg

Varies with patient height;
WB scan, 60 — 90 min;
PET, 4 min/bed; injected
dose, 3.7 MBag/kg

Typical WB PET/CT acquisition time for protocols mentioned in table is less than 30 min.

TOF = time of flight; FOV = field of view; WB = whole body; MRAC = MRI attenuation correction; 3D = 3-dimensional; T1 = T1-weighted;
LAVA = Dixon liver acquisition with volume acquisition; Flex = fat/water separation; FRFSE = fast relaxation fast spin echo; bed = bed
position; VIBE = volumetric interpolated breath-hold examination; DWI = diffusion-weighted imaging; STIR = short-inversion-time inversion

recovery.

Required

Only for small lung lesions

Only if therapeutic
consequence is
possible (e.g., resection
of lung metastases in
sarcoma)

Only if therapeutic
consequence is
possible

PET/MRI IN CHILDREN WITH CANCER
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TABLE 2
Advantages of PET/MRI over PET/CT

Tumor type

Advantage

Overall

Simultaneous PET and MRI acquisition (precise registration of MRI and PET)

One-stop local and whole-body staging

Decreased ionizing radiation

Reduced number of total examinations

Better characterization of incidental findings

More accurate measurement of lesions than with unenhanced CT

Lymphoma

Increased sensitivity to detect bone marrow involvement

Avoidance of core biopsy if PET/MRI results are negative

Reduced dose of ionizing radiation (particularly important for patients with therapy-refractory disease
who need multiple scans to closely monitor treatment efficacy)

Neurofibromatosis
1 and MPNST

Detailed depiction of peripheral neurofibromata and central nervous system

Optimal alignment of MRI and PET in cases of multiple neurofibromas

Comprehensive examination of central nervous system and peripheral lesions in single examination

Sarcoma

Better characterization of bones and soft tissues

Higher sensitivity for bone marrow metastases

Improved monitoring of pediatric tumors after immunotherapy

Supplemental Figure 1 (supplemental materials are available at
http://jnm.snmjournals.org) (52). Radiation pneumonitis is another
acute inflammatory process that needs to be recognized and usually
occurs about 3—6 mo after completion of radiotherapy.

In the gastrointestinal system, gastritis, enteritis, appendicitis, and
colitis can present as diffuse segmental hypermetabolic activity (53).
MRI can help in differentiating '*F-FDG activity in the abdomen, by
the assessment of mural signal intensity and enhancement specific to
both active and chronic inflammatory changes (54).

There are a wide range of infectious and inflammatory conditions
that can present with hypermetabolic activity on '*F-FDG PET/MRI
pediatric evaluations. Differentiating infectious findings from neo-
plasms is critical to avoid mischaracterization and to expedite symp-
tom management.

RESEARCH APPLICATIONS OF PET/MRI IN CHILDREN
WITH CANCER

Identifying Responders to New Immunotherapies Can
Improve Outcomes

Integration of molecular and cellular immunotherapies in onco-
logic practice has transformed cancer treatment. Immunotherapeutic
antibodies that include anti—programmed death-ligand 1 (55) and
cell-based agents, such as chimeric antigen receptors T cells (56),
aim to redirect the immune system to eradicate tumors. Molecular
imaging methods can classify responders and nonresponders, mon-
itor on/off target effects, and elucidate the mechanism of action and
distribution of cellular therapeutics.

Radiotracer-based techniques have been used for many years to
label white blood cells and detect inflammation (57,58). Therapeutic
immune cells can be directly radiolabeled for PET imaging (59) or
labeled with iron oxide nanoparticles for MRI (60). These rapid
and relatively simple methods do not require genetic manipulation.
However, dilution or efflux of the label can result in signal dissipa-
tion, thereby limiting the imaging time course. By contrast, reporter
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gene imaging enables long-term measurements of the biologic fate
of the therapeutic cells (6/,62). The most commonly used PET
reporter gene for visualizing T cells is the herpes simplex virus
type 1 thymidine kinase (63). Although genetic modification of
immune cells with reporter genes ensures the propagation of the
gene to daughter cells during cellular division, immunogenicity in
patients has been observed (64).

Assessments of responses to cancer immunotherapy incorporate
existing RECIST (65) and immune-related RECIST used in immu-
notherapy trials (66). Immunotherapy can lead to immune cell acti-
vation in the tumor, transient tumor swelling, increased MRI
contrast enhancement, and increased 'F-FDG metabolic activity
in solid tumors, referred to as pseudoprogression (67,68). Advanced
PET/MRI approaches might help to differentiate tumor progression
from pseudoprogession (69).

The use of clinical PET/MRI to image immunotherapy response is
described in Supplemental Figure 2 (70).

Theranostics for Children

Classic chemotherapy affects both tumors and normal tissues,
leading to significant side effects. New receptor-targeted therapeu-
tics, including small chemical molecules and peptides, antibodies,
and nanoparticles, have recently gained a lot of attention (71)
because they provide higher molecular-target specificity, increased
tumor accumulation, and fewer side effects. Theranostic agents,
which comprise a diagnostic and a therapeutic drug, can be used
for patient stratification and image-guided therapy. Both PET and
MRI theranostic agents have been studied in children with cancer
(72-74). From the PET side, DOTATATE compounds have recently
been evaluated in children with refractory neuroblastoma (72). A
high correlation between °*Ga-DOTATATE PET findings and
somatostatin receptor type 2 expression in the tumor was reported,
and the subsequent peptide receptor radionuclide therapy showed
promising results (72). An example of **Ga-DOTATATE PET/
MRI is shown in Supplemental Figure 3.
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From the MRI side, superparamagnetic iron oxide nanoparticles
can be used to carry therapeutic drugs or genes into tumors (73),
and both radiolabeled and iron-labeled nanoparticles have been
used for imaging of TAM (74). Integration of these TAM imaging
approaches into whole-body PET/MRI restaging protocols would
allow monitoring of both metabolic and TAM responses to immuno-
therapy in a single examination.

Novel hybrid PET/MRI contrast agents (created by adding a
radioisotope to an MRI contrast agent) are under development in
preclinical settings (75). So far, they have been tested mostly for
stem cell monitoring, Wilms tumor, and tumor angiogenesis (75)
and might be used in the future as theranostic agents.

CONCLUSION

PET/MRI s a safe, sensitive, and efficient imaging technology for
cancer evaluation in children, combining metabolic information
with high spatial resolution and high soft-tissue contrast while reduc-
ing radiation exposure compared with PET/CT. Performing PET/
MRI as a 1-stop imaging technique reduces the need for repetitive
anesthesia or sedation and decreases the overall scan time as com-
pared with performing the 2 imaging studies separately.

Integrated PET/MRI is useful for staging and restaging of solid
tumors in children and may be helpful for assessing response to
novel immunotherapies. Novel developments include personalized
treatments with theranostic nanoparticles and radiolabeled peptides.
Future directions should focus on improving the detection of small
pulmonary nodules, the time- and cost-effectiveness of combined
whole-body and local scans, and accessibility to them.
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FOCUS ON MOLECULAR IMAGING

The Latest Advances in Imaging Crosstalk Between the
Immune System and Fibrosis in Cardiovascular Disease
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Inflammation and fibrosis are hallmarks of tissue repair processes and
organ failure progression in cardiovascular diseases. Paradigm-shifting
research on diverse immune cell populations within the cardiovascular
system have enabled discovery of new biomarkers fostering develop-
ment of diagnostic and therapeutic agents at the molecular level to
better manage cardiovascular diseases. To date, a variety of molecular
imaging agents have been developed to visualize the biomarkers
expressed on immune cells and fibroblasts within their crosstalk
network, which drives the pathogenesis of fibrosis triggered by both
innate and adaptive immunity. Herein, key biomarkers upregulated in
the immune-fibrosis axis are discussed. The promising molecular
imaging agents to reveal this critical pathologic process are
summarized.
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Fibrosis, a scarring process, is defined as an uncontrolled
accumulation of extracellular matrix (ECM) molecules on injured
tissues and ultimately leads to adverse tissue remodeling, organ
damage, and failure. Inflammatory and immunologic reactions
involving both innate and adaptive immune systems are the
underlying players driving fibrosis (/,2). In cardiovascular diseases
(CVDs), vascular remodeling triggered by inflammatory stimuli is
significantly associated with atherogenesis, deposition of ECM
proteins on the arterial wall, and eventually vascular fibrosis. It is
known that cardiac fibrosis is a major contributor to many CVDs,
including myocardial infarction (MI) (3). Clinical diagnostics
mostly provide an anatomic characterization of fibrotic scars at the
stage when disease is irreversible and irreparable. The limited
options of antifibrotic medications in the clinic compel an urgent
search for novel diagnostic methods using molecular imaging to
identify new biomarkers overexpressed during immune response
and tissue repair within the immune-fibrosis network at an early
stage for potential intervention and theranostics (4,5).

Many molecular probes have been developed for inflammation
and fibrosis imaging in CVDs (6,7). However, the mechanism of
crosstalk between immune cells and fibroblasts is not fully
understood. Detection of the early onset of immune response and
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wound healing process, such as activation of immune cells and
subsequent fibrotic response, is underexplored. Herein, we briefly
discuss current imaging research on targets upregulated in the
molecular and cellular pathways of the immune-fibrosis crosstalk
network. We focus on PET and SPECT radiotracers because of their
high sensitivity, quantitative measurement, and well-established
translational strategies (4,8,9).

IMMUNE CELLS INVOLVED IN INFLAMMATION, TISSUE
REPAIR, AND FIBROGENESIS

CVDs arise from various types of injurious stimuli on heart or
blood vessels, either acute (e.g., ischemia/reperfusion [I/R] injury in
MI) or chronic (e.g., cholesterol deposition for atherosclerosis).
After injury, the immune system is activated and initiates a wound
healing process to minimize damage and restore function to injured
tissues (Fig. 1) (I-3,10-12). Within minutes of injury, damaged,
stressed, and dying cells release damage-associated molecular
patterns, which bind to pattern recognition receptors, including
toll-like receptors and receptors for advanced glycation end
products, which are expressed on surviving adjacent cells and
leukocytes. Stimulation of these pattern recognition receptors
activates complementary signaling pathways for not only proin-
flammatory cytokines and chemokines but also cell adhesion
molecules. These inflammatory mediators promote the recruitment
of leukocytes, including neutrophils and proinflammatory mono-
cytes expressing high levels of Ly6C (Ly6C"€" monocytes in mice),
to remove damaged cells by efferocytosis and release enzymes
(proteases and oxidases) for tissue digestion. After the clearance of
neutrophils, monocytes expressing low levels of Ly6C (Ly6Clow
monocytes in mice) are recruited to the lesion and differentiate into
reparative macrophages, which secrete antiinflammatory mediators
such as transforming growth factor (TGF)-$ and interleukin-10 to
promote myofibroblast and vascular cell infiltration for tissue repair
and regeneration. Macrophages interact with fibroblasts via secret-
ing cytokines, chemokines, and other factors such as high levels of
MMPs, which cause extensive matrix breakdown, altering the
mechanical properties of the tissues to increase the expression of
tumor necrosis factor-a, TGF-«, and TGF-f3 (13). Additionally, the
loss of interleukin-183 and interleukin-10 expression during the
proliferative phase allows fibroblasts to transdifferentiate into
myofibroblasts, which produce ECM proteins to help maintain the
structural integrity of injured tissues (/4). During this dynamic and
phasic process, crosstalk between the immune system and fibrosis
plays a crucial role in regulating the secretion of proinflammatory
and antiinflammatory mediators, fibrogenesis, remodeling, and
tissue repair. Therefore, the real-time detection of biomarkers
overexpressed by immune cells and fibroblasts and targets elevated
during their interactions may facilitate comprehension of the
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underlying mechanism of the crosstalk and illuminate the discovery
of targeted treatment for timely intervention to improve patient
outcome (3).

MOLECULAR IMAGING OF CROSSTALK BETWEEN IMMUNE
SYSTEM AND FIBROSIS IN CVDS

Immune Cell Imaging

Because of the elevated expression of CXCR4 on multiple
leukocytes after cardiovascular/cardiac injury, much effort has been
devoted to the development of CXCR4-targeting radiotracers. At
day 3 after /R injury in mice, **Ga-pentixafor uptake was
determined at the site of infarct, with signal proportional to
leukocyte infiltration (6). In humans, **Ga-pentixafor demonstrated
heterogeneous PET signals in hearts between days 4 and 6 after
MI, suggesting alternative regulation of chemokine signaling and
inflammatory response (/5). Through the combination with
plerixafor for targeted intervention, improved treatment efficacy
was observed in MI mice when treatment was administrated at high
%8Ga-pentixafor uptake compared with those at low PET signals.
This was illustrated with improved left ventricular (LV) remodeling
and cardiac function measured at 6 wk after MI, as well as fewer
neutrophils and Ly6C"#" monocytes in LV (I6), which highlighted
the importance of CXCR4 PET measuring the spatiotemporal
distribution of CXCR4-positive (+) cells to optimize the
treatment outcome.

Monocytes and macrophages are indispensable effector cells
involved in tissue repair and remodeling. The remarkable hetero-
geneity of macrophage populations in CVDs is well documented and
encompasses their distinct functions in promotion of inflammation,
tissue repair and regeneration, and inflammation resolution (7).
Because of the dynamic variation of macrophage lineage popula-
tions, spatiotemporal detection of macrophage subtypes could
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interleukin 10; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

facilitate the understanding of their identities, origins, and functions
along the initiation and progression of the inflammation—fibrosis
axis.

After MI in mice, the composition and ontogeny of macrophages
are dramatically shifted. Ly6C"&", CCR2+ monocytes infiltrate the
heart, replace resident cardiac macrophages (CCR2-negative [—1]),
and differentiate into CCR2+ macrophages to stimulate proin-
flammatory responses and collateral tissue damage and ultimately
contribute to heart failure pathogenesis (/7). In mice with acute
autoimmune myocarditis, siRNA silencing of CCR2 significantly
decreased the number of Ly6C™" monocytes in hearts and led to a
reduction of LV fibrosis (/8). These findings implicate the role of
infiltrating CCR2+ monocytes and macrophages as important
mediators of heart failure pathogenesis and the potential of CCR2-
targeted therapies to improve outcomes of MI patients. In mouse
models of sterile cardiac injury, **Ga-DOTA-extracellular loop 1
inverso (ECL1i) specifically detected infiltrating CCR2+ mono-
cytes and macrophages into the injured heart (Fig. 2) with a loss of
signal in CCR2™’™ mice. Tracer uptake in the injured myocardium at
day 4 showed a linear correlation with LV function and infarct size
measured on day 28 after I/R injury, demonstrating its potential
predictive value for adverse effects governed by CCR2+ leukocyte
subsets (79). Moreover, **Cu-DOTA-ECLIi not only showed
comparable imaging efficiency to ®®Ga-DOTA-ECLIi in mouse
heart injury models (20) but also has been used to track CCR2+
monocytes and macrophages in atherosclerosis and other fibrotic
diseases (21,22). Ongoing clinical studies will further evaluate the
performance of ®*Cu-DOTA-ECLIi for tracking CCR2+ cells in
humans (23). Recently, an '®F-radiolabeled small molecule was also
developed for CCR2 preclinical imaging (24).

Matrix metalloproteinases (MMPs) are a multigene family of
endopeptidases that selectively digest individual components of
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ECM. Their activities are associated with tissue remodeling,
including recruitment and migration of immune cells and promotion
of angiogenesis and apoptosis, making them attractive targets for
inflammation and fibrosis imaging (25). An MMP-2 inhibitor,
RP805, and a pan-MMP inhibitor, RYMI1, were both radiolabeled
with *™T¢ for CVD imaging in preclinical models using SPECT
(5,26). In contrast to *™Tc-RP805, **™Tc-RYMI had desirable
pharmacokinetics and low blood retention. In a mouse abdominal
aortic aneurysm model, ™ Tc-RYM1 uptake at aneurysm correlated
with CD68 macrophage and activated MMP activity, indicating its
potential for inflammation and fibrosis imaging.

Besides CCR2 and MMP, a variety of radiotracers have been
developed for macrophages by targeting other chemokine receptors,
somatostatin receptors, translocator proteins, and mannose receptors
(6,27). Further studies are warranted using these radiotracers to
image the subtypes of macrophages, shedding light on their varied
roles in the inflammation—fibrosis axis.

Fibroblast and Myofibroblast Imaging

Fibroblasts not only modulate the recruitment of immune cells but
also regulate their behavior, retention, and survival in damaged
tissue. Cardiac fibroblasts contribute to myocardial homeostasis by

IMAGING IMMUNE-FIBROSIS CROSSTALK ~ *

synthesizing and maintaining the ECM network critical for structural
and functional integrity. When activated, fibroblasts express cyto-
plasmic actin and adhesion complexes, permitting migration to the
injury site. On differentiation, fibroblasts become a phenotypically
distinct cell referred to as a myofibroblast, which is the key cellular
effector for tissue repair and fibrogenesis (28). Myofibroblasts
produce and deposit structural ECM proteins, including collagen,
fibronectin, and elastin, in injured tissues. They release proteases
such as MMPs and their inhibitors regulating matrix remodeling.
Therefore, activated fibroblasts and myofibroblasts are undisputable
target cell populations for molecular imaging to predict outcomes of
tissue repair and remodeling process in CVDs.

Fibroblast activation protein (FAP) exhibits a specific expression
on activated fibroblasts, making it a promising cell surface
biomarker for targeted imaging of fibrotic diseases. Because of its
upregulation on cancer-associated fibroblasts, various radiolabeled
FAP inhibitors have been developed for tumor imaging (29). In a
mouse model of hypertensive cardiac injury and fibrosis, depletion
of FAP+ fibroblasts reduced myocardial fibrosis and restored
cardiac function, indicating the potential of FAP for CVD imaging
and therapy (29,30). Through **Ga radiolabeling of a FAP inhibitor,
®8Ga-FAPI-04 specifically determined the activated fibroblasts in
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injured heart in a rat MI model (Fig. 3) (3/). In humans, a
retrospective analysis of ®®Ga-FAPI-04 imaging in cancer patients
revealed an association between tracer uptake by the heart and LV
ejection fraction, indicating its potential for risk stratification
regarding early detection or progression of LV remodeling (7,32).
Therefore, molecular imaging of activated fibroblasts and myofi-
broblasts has great potential for assessing the probability and
complications of fibrosis in CVDs, providing information to
optimize treatment, and monitoring treatment response for better
management.

Because of the pivotal role of angiotensin-converting enzyme
inhibitors in the treatment of CVDs, angiotensin-converting enzyme
inhibitor-based tracers are of interest for monitoring disease
progression and the effectiveness of therapeutic interventions.
Many angiotensin-converting enzyme inhibitors, such as 'SF-
captopril, have been used to image ventricular remodeling after
MI in animal models (9). Moreover, the expression of angiotensin I1
receptor type 1 on fibroblasts and myofibroblasts triggered the
radiolabeling of angiotensin II receptor type 1 antagonists such as
"C-KR31173 for post-MI remodeling and fibrosis imaging (9).
Because of the upregulation of 35 integrin on activated fibroblasts,
several radiotracers have been developed (4,/1). However, its
expression on other cells, including macrophages and endothelial
cells, warrants further investigation to ascertain its value for imaging
activated fibroblasts.

Activated Platelets

Besides their role in hemostasis, additional functions of platelets
have been uncovered in regeneration and remodeling of injured
tissue, including immune cell recruitment, apoptosis, angiogenesis,
and ECM formation (33). Activated platelets are involved in
immune responses through expression of a variety of membrane
receptors (e.g., CD40 ligand) and the release of soluble
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inflammatory mediators (e.g., TGF-B1, CCLS5, and CXCL12),
which further promote the production of ECM from myofibroblasts.
In ST-elevation MI patients, platelet activities were associated with
adverse LV remodeling and fibrosis, indicating their potential not
only as an imaging biomarker for the early assessment of tissue
repair process but also as therapeutic targets (34). Moreover, on
activation, the major platelet integrin glycoprotein GPIIb/IIla (oyy,/
Bria; CD41/CD61) undergoes a conformation change, making the
altered conformation a unique targeting epitope for the detection of
activated platelets. Through **Cu radiolabeling, the single-chain
antibody tracer (scFVami_Gpr/ma-64CuMeCOSar) revealed signifi-
cantly higher uptake in the ischemic myocardium compared with the
nonischemic region in an I/R injury mouse model, suggesting its
further evaluation to predict outcomes of subsequent tissue repair
processes (35).

Targets Expressed on Thrombus

Thrombosis is a common pathology underlying ischemic heart
disease, ischemic stroke, and venous thromboembolism triggered by
either a mechanical injury or the rupture of an atherosclerotic plaque.
Molecular imaging of the components involved in thrombus
formation may afford accurate and early detection of thrombosis
to minimize the risk of complications for improved treatment (36).
Blood coagulation factor (FXIII) is an enzyme (tissue trans-
glutaminase) that modulates fibrin crosslinking to form stable blood
clots, making it a potential biomarker for cross-linked thrombi.
Through *™Tc radiolabeling, the peptide-based tracer °™Tc-
NC100668 revealed specific detection of active factor (FXIII)
signals in the lesions of a coronary microvascular disease mouse
model. The relative retention of **™Tc-NC100668 (microvascular
disease—to—septal region ratio) determined at 2 h was approximately
3- to 12-fold higher than those acquired from 3 to 14 d after
microvascular disease, suggesting its potential for the early detection

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 62 + No. 10 « October 2021



of coronary microvascular disease associated with thrombus (37).
Fibrin is typically upregulated in fresh thrombi and gradually
replaced by collagen and other fibrotic protein, making the detection
of fibrin an attractive strategy for identification of thrombosis and
fibrosis. A ®*Cu-radiolabeled fibrin binding probe 8 demonstrated
favorable thrombus uptake, background clearance, and imaging
efficacy in preclinical models and has been translated for human

imaging (36).

UNDEREXPLORED MOLECULAR IMAGING OF ADAPTIVE
IMMUNE SYSTEM IN CVDS

In addition to the innate immune system, the adaptive immune
system also plays critical roles in tissue repair processes and fibrosis
(2,38). The pivotal role of T cells modulating cardiac fibroblasts and
of MMP activity has been demonstrated in CVDs including heart
failure, myocardial fibrosis, ischemia, and MI (39). The recent
popularity of cancer immunotherapy has prompted the development
of a range of T-cell imaging probes (40), which could be used to
image subset T cells to investigate the underlying mechanisms of
tissue repair and fibrosis.

CONCLUSIONS AND FUTURE DIRECTIONS

Tissue repair and fibrosis are governed by the immune system.
Balance between inflammatory and preparative immune responses
guides the optimal tissue repair process. Thus, the immune—fibrosis
axis is an unquestionable target for molecular imaging and
immunomodulatory therapy. PET and SPECT imaging have shown
great promise for visualizing signatures of the immune system,
allowing insight into whether injured tissue will be properly repaired
or subject to subsequent pathologic fibrosis. To date, a variety of
radiotracers have been developed to detect the immune response and
fibrosis in CVDs. Additional research needs to focus on the
sensitivity and specificity of these radiotracers detecting the subtype
of immune cells and fibroblasts. Moreover, longitudinal studies are
required to uncover the connection between measured immune
system activity and resulting fibrosis. Through the combination of
multiple imaging agents targeting a range of biomarkers upregulated
during the immune—fibrosis network, these studies will provide
quantitative measurement of early-onset immune response, fibro-
blast activity, and subsequent pathologic fibrosis to elucidate the
mechanism of crosstalk between the 2 systems and highlight the
predictive value of molecular imaging. The early, sensitive, and
specific detection of malfunctioning pathways causing pathologic
fibrosis within the crosstalk network will enable the identification of
potential therapeutic targets and provide real-time guidance to
antifibrotic or targeted immunomodulatory therapy. The multi-
modality imaging using PET/MRI has great potential to differentiate
subtypes of fibrosis (e.g., replacement vs. reactive fibrosis) and
provide information on cellular and molecular profiles in those
fibrotic lesions for better management. After establishment of a
pathway for radiotracer translation for a first-in-humans study (22),
these imaging strategies may hold the potential to decipher the
heterogeneity of fibrotic diseases in patients for individualized
treatment.

Taking together all these considerations, we envision a critical
role for molecular imaging within the immune—fibrosis network to
delineate the functions and interaction of immune cells and
fibroblasts along the pathogenesis of fibrotic processes and to better
elucidate the mechanisms of CVDs. The information we gather from
ongoing clinical studies or future translational research will not only
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facilitate the development of diagnostic agents to phenotype and
risk-stratify patients but also promote the discovery of novel
therapeutic agents for targeted treatment.
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Management of patients with neuroendocrine neoplasms
(NENS) is a complex task and warrants referral of these patients to
high volume centers with appropriate expertise in order to ensure
favorable outcomes and appropriate follow-up. PET/CT becomes
increasingly important in almost every step of patient management
and outcomes. In the recent years, somatostatin receptor (SSTR)
PET/CT using %®Ga-labeled somatostatin analogs ([**Ga]Ga-
SSAs) has proven to be successful in the evaluation of well-
differentiated gastroenteropancreatic NENs, and it is also tightly
connected to the use of targeted radiotherapy (peptide receptor radio-
nuclide therapy [PRRT]) in inoperable and progressive metastatic
cases. Therefore, it has been deemed as a first “grab” tracer in
many consensus and position statements made by expert panels
(1,2). There has been global enthusiasm and excitement surrounding
[*®Ga]Ga-SSA, including its added value compared with previously
used *°™Tc- or "'In-based somatostatin receptor scintigraphy, its
worldwide availability, and on-site production. This, however, has
thrown the baby out with the bathwater in regard to '*F-FDOPA
PET. SSTR PET is clearly superior to '*F-FDOPA PET for certain
NENSs and should be positioned at the forefront of pancreatic NENs
(except for insulinomas, for which data are still scarce and GLP1-
receptor imaging appears to be more promising). However, is this
also the case for small intestine NENs (SI-NENs)?

The selection of a specific radiopharmaceutical is important in
distinguishing between diagnostic and theranostic settings. In a
theranostic setting (a time and cost-effective approach), SSTR
PET is used as an evidence-based companion diagnostic for select-
ing candidates who will likely benefit from PRRT, regardless of
tumor origin. '*F-FDG also has great potential for predicting out-
comes to PRRT. What is the role '*F-FDOPA in the evaluation of
NEN:Ss if it cannot be used in a theranostic setting and has the poten-
tial to be more costly? Are the data, usage, and popularity of
[*®Ga]Ga-SSAs enough to disqualify or abandon '*F-FDOPA in
countries where it is approved, available, and previously used?
Can we truly abandon "8E_.FDOPA when we have seen it be more
specific, have higher resolution, and have less small intestine activity
compared with [**Ga]Ga-SSA? Are both tracers similar in terms of
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sensitivity? Until recently, no study has specifically addressed this
issue. Three historical studies have compared '*F-FDOPA PET/
CT and SSTR PET/CT in a small case series (3—5). Although inter-
esting, each study is hampered by mixing NENs of various origins
with a very small number of pathologically proven SI-NETs, which
may have decreased the performance of '*F-FDOPA.

More recently, 3 studies have compared '*F-FDOPA PET/CT and
SSTR PET/CT in gastroenteropancreatic NENs, focusing on
SI-NENs (6-8). Although retrospective, these studies provide novel
insights and analysis on optimal evaluation of patients with rare dis-
eases. Our group retrospectively evaluated [**Ga]Ga-DOTATOC
and carbidopa-assisted '*F-FDOPA PET/CT in 41 patients with
well differentiated ileal NETs (7). All patients’ primary tumors
were previously resected and all were investigated by PET for
restaging. '*F-FDOPA PET/CT had a better detection rate than
[*¥Ga]Ga-DOTATOC (96% vs. 80%, P < 0.001). In a total of 605
lesions, 458 (76%) were positive on both modalities, 25 (4%) by
[*8Ga]Ga-DOTATOC only, and 122 (20%) by '*F-FDOPA PET/

A B

T 120 SUV-bw
B 0.00 SUV-bw

T 12.0 SUV-bw
B 0.00SUV-bw
.

FIGURE 1. lllustrative image showing superiority of '8F-FDOPA (A) over

[*®Ga]Ga-DOTATOC (B) in patient with SI-NET. SUV-bw = body
weight-normalized SUV; T = top; B = bottom.
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CT only, corresponding to liver, peritoneal, or lymph node metasta-
ses. Because of the recruitment of patients with extensive metasta-
ses, both examinations yielded a similar management plan.
Ansquer et al. have compared '*F-FDOPA PET/CT (without carbi-
dopa premedication) and [*8Ga]Ga-DOTANOC in a series of 30
patients with SI-NENSs (6). PET/CT studies were performed for ini-
tial staging in 9 cases and restaging in the remaining cases. '°F-
FDOPA PET/CT detected significantly more lesions than
[*®Ga]Ga-DOTANOC, with sensitivities of 95.5% and 88.2%,
respectively. '*F-FDOPA PET/CT detected more lesions in 9 cases
with 22 additional lesions from variable locations. [*®*Ga]Ga-
DOTANOC was superior to '*F-FDOPA PET/CT in only 3 cases
with a limited number of additional lesions. In concordant liver
metastases, the tumor-to-liver uptake ratio was superior in '°F-
FDOPA compared with [**Ga]Ga-DOTANOC in 63% of cases. A
more favorable uptake ratio in '*F-FDOPA could potentially explain
the higher detection rate of liver metastases. It is expected that SSTR
antagonists could perform better than agonists in this setting. Lastly,
Veenstra et al. have compared '®F-FDOPA (under carbidopa) and
[*®Ga]Ga-DOTATOC PET/CT in 45 NEN patients, including 23
(51%) SI-NENsS, followed by pancreatic, large intestine, lung, ova-
rium, and NENs of unknown origin. Considering the subgroup of
SI-NENs, '8F-FDOPA detected more lesions than [**Ga]Ga-
DOTATOC in 16 of 23 patients (70%) whereas [**Ga]Ga-DOTA-
TOC detected more lesions than '*F-FDOPA in only 4 of 23 patients.

Taken collectively, these results show that both SSTR PET/CT
and '®F-FDOPA PET/CT are excellent for disease staging and
restaging, although '*F-FDOPA PET/CT is frequently the most sen-
sitive tracer (Fig. 1). Therefore, there is no reason to disqualify its
use in the face of simplifying paradigms. This conclusion aligns
with the 2017 European Association of Nuclear Medicine guidelines
for PET/CT imaging of NENs (9). Additionally, '*F-FDOPA PET/
CT provides a specific molecular signature linked to serotonin secre-
tion and potential underlying biologic characteristics. This has been
illustrated in pheochromocytoma and paraganglioma, where imag-
ing phenotype is tightly linked to tumor location (sympathetic versus
parasympathetic paraganglia; adrenal versus extra-adrenal), genetic
status, biochemical phenotype, and size, with all being intimately
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interconnected (/0). In conclusion, '*F-FDOPA PET/CT can per-
form better than SSTR PET in SI-NETs. These findings could be
important in a diagnostic setting before major operations such as
hepatic cytoreductive surgery or liver transplantation.
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Conventional MRI plays a key role in the management of patients with
high-grade glioma, but multiparametric MRI and PET tracers could pro-
vide further information to better characterize tumor metabolism and
heterogeneity by identifying regions having a high risk of recurrence.
In this study, we focused on proliferation, hypervascularization, and
hypoxia, all factors considered indicative of poor prognosis. They
were assessed by measuring uptake of '8F-3'-deoxy-3'-8F-fluorothy-
midine (*8F-FLT), relative cerebral blood volume (rCBV) maps, and
uptake of '®F-fluoromisonidazole (*8F-FMISO), respectively. For each
modality, the volumes and high-uptake subvolumes (hot spots) were
semiautomatically segmented and compared with the contrast
enhancement (CE) volume on T1-weighted gadolinium-enhanced
(T1w-Gd) images, commonly used in the management of patients
with glioblastoma. Methods: Dynamic susceptibility contrast-
enhanced MRI (31 patients), 'F-FLT PET (20 patients), or '®F-FMISO
PET (20 patients), for a total of 31 patients, was performed on preoper-
ative glioblastoma patients. Volumes and hot spots were segmented on
SUV maps for '8F-FLT PET (using the fuzzy locally adaptive bayesian
algorithm) and "8F-FMISO PET (using a mean contralateral image +
3.3 SDs) and on rCBV maps (using a mean contralateral image + 1.96
SDs) for dynamic susceptibility contrast-enhanced MRI and overlaid
on T1w-Gd images. For each modality, the percentages of the periph-
eral volumes and the peripheral hot spots outside the CE volume were
calculated. Results: Alltumors showed highly proliferated, hypervascu-
larized, and hypoxic regions. The images also showed pronounced het-
erogeneity of both tracers regarding their uptake and rCBV maps, within
each individual patient. Overlaid volumes on T1w-Gd images showed
that some proliferative, hypervascularized, and hypoxic regions
extended beyond the CE volume but with marked differences between
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patients. The ranges of peripheral volume outside the CE volume were
1.6%-155.5%, 1.5%-89.5%, and 3.1%-78.0% for '8F-FLT, rCBV,
and '8F-FMISO, respectively. All patients had hyperproliferative hot
spots outside the CE volume, whereas hypervascularized and hypoxic
hot spots were detected mainly within the enhancing region. Conclu-
sion: Spatial analysis of multiparametric maps with segmented volumes
and hot spots provides valuable information to optimize the manage-
ment and treatment of patients with glioblastoma.

Key Words: proliferation; vasculature; hypoxia; MRI; PET; glioblastoma
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Despite the use of aggressive treatments (I), glioblastoma
remains one of the deadliest human cancers, being characterized
by a 5-y survival of 6.8% (2). Glioblastomas are highly heteroge-
neous tumors characterized by a strong interpatient heterogeneity
at both the molecular (3,4) and the macroscopic levels. More impor-
tantly, glioblastomas are also characterized by a pronounced intratu-
moral heterogeneity (5), which is macroscopically visible on
conventional MRI as regions of necrosis and contrast enhancement
(CE) (6) and has been associated with a large range of response to
therapies (7).

Among the various pathophysiologic parameters that may influence
patient survival, proliferation and invasion are 2 key parameters con-
sidered to be predictive of patient survival (8). Interestingly, the
dynamic interactions among tumor cells, the vasculature, and hypoxia
are also considered a key feature that affects tumor growth (9—11).

Although various work has addressed the spatial relationship between
pairs of parameters (10,/2—17), the concomitant and quantitative mea-
surement of these 3 parameters remains challenging and has been
performed only on histologic specimens (9), which do not allow for
an overall view of the entire 3-dimensional (3D) tumor volume.

Until now, conventional MRI with the so-called CE area remains
the most used imaging modality to characterize glioblastoma and
guide treatment. However, multiparametric imaging is most
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appropriate to assess biologic tumor heterogeneity and, more specif-
ically, to quantitatively analyze these 3 compartments together.

Specific imaging markers of tumor activity have emerged
recently, providing additional information to further characterize
the tumor and its environment (/8,79). In the field of neurooncology,
these markers include those derived from multiparametric MRI,
such as perfusion, diffusion, and MR spectroscopy. For PET imag-
ing, the radiotracers that have emerged as most pertinent for this
tumor type are those reflecting cell proliferation, such as 'F-3'-
deoxy-3'-"8F-fluorothymidine (‘®F-FLT) (13,20,21); those that trace
amino acids, such as llC-methionine, O-(2-18F-ﬂuoroethyl)—L-tyro-
sine or 3,4-dihydroxy-6-'*F-fluoro-L-phenylalanine (22); and those
that can specifically differentiate true tumor boundaries from equiv-
ocal lesions on the basis of the degree of hypoxia, such as '*F-fluo-
romisonidazole (‘*F-FMISO) (10,12,23).

However, to the best of our knowledge, a spatial analysis of these
3 parameters—that is, proliferation, hypervascularization, and hyp-
oxia—has never been reported using noninvasive imaging for newly
diagnosed glioblastoma, and only a few studies have performed such
a characterization in other tumor locations (24,25). Interestingly, the
most proliferative, vascularized, and hypoxic subvolumes (i.e., hot
spots) could also represent regions at high risk of relapse, and con-
sequently, their identification is of real interest to overcome resis-
tance to therapies such as surgery or radiation therapy.

Therefore, in this study, we aimed to spatially evaluate the
volumes and hot-spot subvolumes of proliferation, hypervasculari-
zation, and hypoxia by using '*F-FLT PET, relative cerebral blood
volume (rCBV) MRI, and '"®F-FMISO PET, respectively, relative
to CE volume in preoperative glioblastoma patients.

MATERIALS AND METHODS

Patients

Patients with de novo glioblastoma were included from 2 prospec-
tive clinical trials (“FLT” study and “HypOnco” study) funded by
Institut National du Cancer and approved by the local ethics commit-
tee and Agence Francaise de Sécurité Sanitaire des Produits de Santé
(French Agency for the Safety of Health Products) agreement (Clini-
calTrials.gov identifiers NCT00850278 and NCT01200134). Thirty-
one patients were included at the Caen University Hospital on the basis
of the inclusion criteria: presenting with histopathologically proven
grade IV gliomas based on World Health Organization criteria, being
eligible in the final analysis with MR and PET imaging modalities,
having an age of at least 18 y, having a Karnofsky Performance Status
of at least 50%, having a normal blood cell count and normal biologic
hepatic function, and providing written informed consent to voluntary
participation in research. The patients underwent '*F-FLT PET (n =
20) or '®F-FMISO PET (# = 20) and multiparametric MRI (n = 31)
(Table 1) within the same week and before surgery. Thereafter, the
patients underwent surgery, resection, or biopsy depending on the
location of the tumor. The specimens were histopathologically evalu-
ated by an experienced neuropathologist, and only patients with an
established diagnosis of glioblastoma were analyzed.

Image Acquisition

MRI was performed on a 1.5-T GE Healthcare Signa HDXt, version
15.0. After scout-view and coronal T2-weighted imaging, an axial
fluid-attenuated inversion recovery (FLAIR) sequence was performed
(24 slices; slice spacing, 5.5 mm; pixel resolution, 0.47 X 0.47 mm;
repetition time/echo time, 9,602/150 ms). For dynamic susceptibility
contrast-enhanced MRI, a dynamic gradient-echo T2*-weighted echo-
planar imaging sequence was used (14 slices; 35 repetitions; slice
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TABLE 1
Flowchart of Study

FLT study

HypOnco study

Patient no. '8F-FLT PET rCBV MRI  '8F-FMISO PET
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HypOnco = Hypoxia in Brain Tumors; v = patients were followed
in the “FLT study” by '8F-FLT PET along with MRI or in the “HypOnco
study” by "®F-FMISO along with MRI. Some patients were followed in
the 2 studies.

spacing, 7 mm; pixel resolution, 2.19 X 2.19 mm; repetition time/
echo time, 2,280/60 ms) to track a 0.1 mmol/kg bolus of gadolinium-
DOTA (Dotarem; Guerbet). An injection delay of 20 s was applied
to obtain an accurate estimate of the baseline signal intensity before
arrival of the contrast agent, and the acquisition lasted 1 min 20 s.

Immediately thereafter, a 3D T1-weighted gadolinium-enhanced
(T1w-Gd) sequence (124 slices; slice spacing, 1.5 mm; pixel resolu-
tion, 1.01 X 1.01 mm; repetition time/echo time, 17/3 ms) was per-
formed to evaluate the CE.
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'"E_FLT and '®F-FMISO were both produced by the LDM-TEP
(Laboratoire de Développement Méthodologique en TEP) group
of ISTCT (Imaging and Therapeutical Strategies in Cerebral and
Tumoral Pathologies) and GIP Cyceron (a biomedical imaging plat-
form facility) and synthesized as previously described (12,13,26).
Data within a brain-focused field of view were acquired on 2 consec-
utive days 40 min ("*F-FLT) and 2 h (‘*F-FMISO) after the intra-
venous injection of 5 MBg/kg (both tracers) and lasted 10 min
("8F-FLT, to match a clinically feasible approach) and 20 min (**F-
FMISO). Acquisitions were performed on a GE Healthcare Discov-
ery VCT 64 PET/CT scanner (Cyceron platform). The CT-based
attenuation-corrected PET images were reconstructed with an
ordered-subsets expectation maximization 2-dimensional algorithm
(9 subsets and 2 iterations) and filtered in 3 dimensions with a Butter-
worth filter on a 1.95 X 1.95 X 3.27 mm voxel size. SUVs (g/mL)
were calculated using the measured concentration in tissue (counts,
kBg/mL) divided by the injected activity (kBq/g of body weight).

Image Analysis

MR image analysis was performed with in-house macros based on
Image] software (27). PET analyses were performed with PMOD
software, version 3.1.

rCBV maps were computed using dynamic susceptibility
contrast-enhanced MRI. Variations of the T2* signal in the tissue
were calculated with in-house macros based on Image] software
as follows: AR,*(t) = —1-In(S(t)/Sp)/echo time, where R, is the
transverse relaxation rate (corresponding to 1/T2), expressed in
msec-1 and t is time, In = natural logarithm, S(t) is signal intensity
over time, and Sy is signal intensity before contrast agent injection.
Then, cerebral blood volume (CBV) maps were generated by inte-
grating the area under the y-variate—fitted curves to avoid an effect
of recirculation (28). Images were then normalized by dividing
CBV maps by the mean value of the normal-appearing contralateral
side to obtain rCBV maps.

Coregistration. tCBV maps, FLAIR, 3D Tlw-Gd, and 18p.
FMISO PET images were coregistered with trilinear interpolation,
rigid matching, and normalized mutual information on 'SF-FLT
PET images (PMOD software, version 3.1).

Volume Segmentation. In the present study, we had to tune the
segmentation for each imaging modality since none of the various
methods we used was considered pertinent enough for the 3 imaging
modalities, which differed in term of contrast-to-tumor ratio and
signal intensity. Also, we paid attention to the accuracy of the seg-
mentation modality for all patients in 1 imaging modality. When 2
methods were almost the same, we retained the most restrictive
one to avoid any overinterpretation of our results.

Volume Segmentation for *F-FLT PET. The visual inspection
easily enabled us to eliminate 40% of SUV ., which underestimates
volume, whereas a mean contralateral image (Mean Contra) + 3.3 SDs
overestimates volume (Supplemental Fig. 1; supplemental materials
are available at http://jnm.snmjournals.org). A semiautomated fuzzy
locally adaptive bayesian (FLAB) algorithm previously validated for
BE_FLT PET images was exploited, using 2 or 3 classes (29-33).

Volume Segmentation for '*F-FMISO PET. We considered
FLAB, a standard 1.2 tissue-to-blood segmentation, 40% of SUV-
max> and Mean Contra + 3.3 SDs, and compared them with each
other quantitatively and visually.

As exemplified in Supplemental Fig. 2, the standard 1-to-2 tissue-
to-blood segmentation failed for some patients. For 40% of SUV .y,
it was visually striking that an overestimation of hypoxic volumes
occurred. We then performed either FLAB segmentation or a
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semiautomated segmentation using a statistical approached based
on the Mean Contra + 3.3 SDs (34). As compared with the tissue-
to-blood segmentation approach, we believe this segmentation could
be very well suited in the routine situation because it does not require
drawing and processing of radioactive blood. Thus, with the excep-
tion of a few pixels removed by hiding with FLAIR hypersignal, no
further manual intervention was necessary, making this technique
particularly well suited. This statistical approach, Mean Contra +
3.3 SDs, seems suitable for a tracer such as '*F-FMISO with an aver-
age uptake and a large SD in the healthy brain parenchyma and a
poor tumor—to—contralateral-tissue contrast.

FLAB and Mean Contra + 3.3 SDs led to very similar results
(Supplemental Fig. 2). In some cases, FLAB provided slightly larger
hypoxic volumes than Mean Contra + 3.3 SDs; we retained the less
permissive strategy.

Volume Segmentation for CBV. The CBV segmentation relates to
the '®F-FMISO situation. Because a volume of blood is present in
healthy brain tissue, the statistical approach resulted in accurate seg-
mentation compared with the visual approach using the naked eye.
We used an already-published methodology (35) assuming a thresh-
old of 2 or 3 times the signal of the normal-appearing white matter.
We also compared this first methodology with a contralateral region
ofinterest (ROI) composed of both gray and white matter and using a
threshold of Mean Contra + 1.96 SDs. For both methods, only the
region included in the FLAIR region was retained. The 2 methods
provided very similar results, but Mean Contra + 1.96 SDs was
less permissive (Supplemental Fig. 3).

Hot-Spot Segmentation. For each modality, the hot-spot area was
defined as the 95th percentile of histogram distribution in the 3D
ROI defined by the FLAIR hypersignal. This definition was
designed to include all voxels that may extend to the CE ROI. All
segmented areas were then used as 3D ROIs for further studies.

Peripheral Volume and Hot-Spot Calculation. After the segmen-
tation process, for each modality and each patient we defined a
peripheral volume and a peripheral hot-spot subvolume as the per-
centage of the ROI of the modality of interest that is outside the vol-
ume of CE. This volume was calculated using a Boolean operation in
the following equations.

Peripheral volume (%) =
ROI of the volume of the modality NOT ROI of CE %

ROI of CE 100

Peripheral hot spot (%) =
ROI of the hot spot of the modality NOT ROI of CE %

ROI of CE 100

RESULTS

All tumors were confirmed to be a glioblastoma by the pathologist
and exhibited a marked CE on 3D T1w-Gd images, elevated rCBV,
and pronounced '*F-FLT and '®F-FMISO uptake. Figure 1 shows
representative examples of multimodal imaging of 2 glioblastoma
patients, including 3D T1w-Gd MR images, '*F-FLT PET images,
rCBV maps, and I8F_FMISO PET images. On the basis of visual
inspection by an expert in PET imaging, a marked intratumoral het-
erogeneity of tracer uptake on both PET images was observed. Since
the CE is the main target of treatments (surgery or radiation therapy),
we then paid attention to the spatial relationship between each
modality and the CE region.
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FIGURE 1. Multimodal imaging of 2 glioblastoma patients with 3D T1w-Gd, '8F-FLT PET, rCBV MRI, and "8F-FMISO PET.

Analyses of the Peripheral Volume Outside the CE Region

Thresholded regions of proliferation with '*F-FLT, of hypervas-
cularization with rCBV, and of hypoxia with '®F-FMISO (Fig. 2,
top) were overlaid on the T1w-Gd images (Fig. 2, bottom). Figure
2 and the calculated peripheral volume (Fig. 3, patient 20) illustrated
that the volume of '®F-FLT uptake extended far from the CE area
(139%). A similar situation also occurred for '*F-FMISO uptake
but was less pronounced, with the peripheral volume being 43%
whereas for CBV only 11% of the segmented area extended into
the nonenhancing area. A representative example of the 3 modali-
ties’ segmentation overlayed on the T1w-Gd image is provided
(Supplemental Fig. 4).

The calculated peripheral volume outside the CE volume for each
patient (Fig. 3) clearly demonstrated that extension of metabolic
areas beyond the CE volume was highly variable. The ranges of
peripheral volumes for BE_FLT, rCBV, and 'F-FMISO were,
respectively, 1.6%—155.5%, 1.5%—-89.5%, and 3.1%—78.0%. More
precisely, over the 20 patients investigated with '*F-FLT, 9 had a
peripheral volume range of 0%—-20%, 5 had a peripheral volume
range of 20%—40%, and 6 had a peripheral volume greater than
40%. For CBV, 17 of 31 patients had a peripheral volume range
of 0%—20%, 10 had a peripheral volume range of 20%—40%, and
4 had a peripheral volume greater than 40%. For '*F-FMISO, 10
of 20 had a peripheral volume range of 0%—-20%; 7 had a peripheral
volume range of 20%-40%, and 3 had a peripheral volume greater
than 40%.

Analyses of the Peripheral Hot Spots Outside the CE Region
Considering the strong intratumor heterogeneity observed on
multiparametric imaging, we were interested in further identifying
subvolumes in the tumor that were likely associated with resistance
and early recurrence. Hyperproliferative, hypervascularized, and
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severely hypoxic hot spots were thresholded (Fig. 4, top) and over-
laid on the T1w-Gd images (Fig. 4, bottom). In this example, a per-
centage of the hyperproliferative region (18%), the hypervascular
region (11%), and the most hypoxic region (3%) were located out-
side the CE region.

The peripheral hot spots outside the CE volume were calculated
for each patient (Fig. 5) and showed that all patients had a hyperpro-
liferative volume outside the CE volume (8.8%—32.5%). More pre-
cisely, 1 of 20 had less than 10%, 15 had 10%-20%, and 4 had
20%-40%. Concerning hypervascularized hot spots (0%—25.2%),
in 23 of 31 patients the hot-spot fraction was less than 5%, in 7 it
was 5%—20%, and in 1 it was 25%. Last, most hypoxic areas were
detected mainly in the CE region (0%-5.7%); 14 of 20 patients
had less than 1% of the '*F-FMISO hot spot outside the CE volume,
and the others had around 5% outside the CE volume.

DISCUSSION

In the context of glioblastoma, intertumoral and intratumoral
heterogeneity has been attributed to the failure of standardized treat-
ments. Among the factors influencing tumor growth, the in vivo rela-
tionship between proliferation, angiogenesis, and hypoxia remains
of great interest relative to the conventionally aggressive region
defined on CE MRI. In the context of glioblastoma, the present study
is the first one, to our knowledge, to show the spatial distribution of
each modality together and relative to CE.

The literature and multivariate analyses have shown that each
parameter is independently associated with tumor volume
(17,26,36). In gliomas, elevated 'SF-FLT uptake has been shown
to correlate with Ki-67 immunostaining expression and to reflect
proliferation (37-39). Also in gliomas, high hypoxia has been shown
to be a factor in a poor prognosis (40).
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FIGURE 2. Example of proliferative volume in green, hypervascularized volume in blue, and hypoxic
volume in pink on segmented (top) and overlaid (bottom) 3D T1w-Gd MR images.

As exemplified in Figure 1, our results con-
firm that all 3 analyzed parameters are inter-
linked and that an increase in each parameter
occurs concomitantly (9,11). Increased rCBV
along with hypoxia might indicate tumor-
induced angiogenesis to counteract changes
in oxygenation that occur along with the met-
abolic demand of proliferating cells.

After a visual inspection, each modality
in Figure 1 clearly showed a variable
uptake distribution that would need to be
exploited. Our findings confirm previous
publications (9,10,17) indicating that the
heterogeneity can be mapped using multi-
modal imaging.

However, our results on peripheral volume
also showed that active tumor tissues were
already present in areas that could be consid-
ered nonpathologic according to CE on MRI
and that therefore might not be targeted by
the treatment. This possibility is especially
true for "*F-FLT PET, which clearly showed
that proliferating cells extended outside the
CE region on T1w-Gd images, as demon-
strated in earlier publications (36).

One of our main results is that the '8F-
FLT PET volume was greater than the
other volumes. The spatial analysis
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FIGURE4. Example of proliferative hot spot in green, hypervascularized hot spot in blue, and hypoxic

hot spot in pink on segmented (top) and overlaid (bottom) T1w-Gd MR images.

showed that the 'SF-FLT volume encom-
passes the rCBV, the CE volume, and the
8E.FMISO volume for most patients.
This result is in line with previously pub-
lished results, which also demonstrated
that in most cases, the volume of '®F-
FLT uptake was larger than the tumor vol-
ume assessed by anatomic MRI. In glioma,
elevated 'F-FLT uptake correlates with
Ki-67 and reflects proliferation (37,38).
This result strengthens the hypothesis
that tumoral proliferation is the driving
force of the other parameters analyzed in
this study, namely angiogenesis and
hypoxia.

Various papers have discussed the
dependency of '*F-FLT uptake onthe integ-
rity of the BBB (41). It is recognized that a
major limiting factor in "®F-FLT uptake is
the transport mechanism, and leakage via
the disrupted blood—tumor barrier could
result in increased uptake. A paper from
Watkins et al. (42) suggests that the pres-
ence of only a small number of glioma cells
could be sufficient to damage the integrity
of the BBB, potentially explaining the
ability of '®F-FLT to detect proliferating
cells in nonenhancing regions of the tumor.
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The hot-spot analysis showed that all tumors had a hyperprolifer-
ative area that extended outside the CE volume, whereas hypervas-
cularized or severely hypoxic areas were mostly included within the
CE volume. This result concurs with a recent publication using ' C-
methionine and demonstrating the presence of metabolic tumor vol-
ume after gross tumor resection (43).

These results strengthen the fact that tumor cells have already
infiltrated the nonenhancing tissue and ought to be included in the
surgical treatment or in the definition of the biologic target volume
for radiotherapy (43).

The current standard surgical treatment for glioblastoma is
removal of the CE area (44). Because our study showed that meta-
bolically active areas are visible outside the CE volume, removal
of only the CE volume could contribute to explaining a rapid recur-
rence of glioblastoma. We suggest that glioblastoma be resected
beyond the CE volume up to the functional limit required to preserve
the quality of life (45). The presence of metabolically active areas
outside the CE volume may also be used as a parameter for improv-
ing the accuracy of the biopsy analysis, and if biopsy and imaging
concur, it could be used to improve the quality of resection.

The presence of metabolically active areas outside the CE volume
contributes to the definition of gross target volumes for radiotherapy,
integrating these findings in the concept of biologic target volume
(46). The integration of the metabolically active areas could lead to bet-
ter tumor control, as it is known that most relapses occur within the irra-
diation field (47,48) because of radiation resistance in some areas
within the irradiated volume. It is assumed that the current radiotherapy
regimen does not guarantee the curative doses necessary to counteract
radioresistance in some areas of the tumor identified as hot spots in this
paper and that this problem may contribute to failure of conventional
treatments (49). Radiotherapy is likely to be optimized by specifically
targeting these unfavorable biologic characteristics (49,50).

This study had some limitations. We studied each modality only
with respect to T1 CE, and we did not perform voxelwise analyses
between the various modalities. However, the main goal of the pre-
sent analysis was to make the study as simple as possible relative to
T1 CE in order to provide information the physician will find useful
in adapting or tuning therapeutic strategies at the individual level.
The use of other types of PET tracer, such as amino acid tracers
(l !C-methionine, 0—(2-1SF-ﬂuoroethyl)-L-tyrosine, and 3,4-dihy-
droxy-6-'8F-fluoro-L-phenylalanine), might also provide accurate
information in mapping regions potentially involved in tumor recur-
rence. For the hot-spot study, given the method of calculation for
each patient, a potential overinterpretation of low activity could
occur. As a consequence, comparison of our results to include the
peripheral volumes or the hot-spot subvolumes in therapeutic strat-
egies or in stereotactic biopsies would also be of great importance.
We are now incorporating this strategy in ongoing clinical trials.

CONCLUSION

Even if it is difficult to draw a general overview for each individ-
ual patient, this study underlines the complementary value of using
different multiparametric imaging methods to assess tumor hetero-
geneity and to define tumor volumes and subvolumes that are likely
to be resistant to conventional therapies.
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KEY POINTS

QUESTION: What is the spatial relationship between proliferation,
vascularization, and hypoxia in preoperative glioblastoma patients,
with respect to the CE area on T1w-Gd images?

PERTINENT FINDINGS: Clinical trials demonstrated the heteroge-
neity of the 3 parameters measured—namely proliferation, vascu-
lature, and hypoxia—over the classically used CE volume.

IMPLICATIONS FOR PATIENT CARE: Incorporating more func-
tional parameters for patient management will improve the delin-
eation of aggressive areas for tumor resection and will help in
designing biologic target volume for radiotherapy.
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Technologic (R)Evolution Leads to Detection of More Sentinel
Nodes in Patients with Melanoma in the Head and Neck Region
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Sentinel lymph node (SN) biopsy (SNB) has proven to be a valuable tool
for staging melanoma patients. Since its introduction in the early 1990s,
this procedure has undergone several technologic refinements, includ-
ing the introduction of SPECT/CT, as well as radioguidance and fluores-
cence guidance. The purpose of the current study was to evaluate the
effect of this technologic evolution on SNB in the head and neck region.
The primary endpoint was the false-negative (FN) rate. Secondary end-
points were number of harvested SNs, overall operation time, operation
time per harvested SN, and postoperative complications. Methods: A
retrospective database was queried for cutaneous head and neck mel-
anoma patients who underwent SNB at The Netherlands Cancer Insti-
tute between 1993 and 2016. The implementation of new detection
techniques was divided into 4 groups: 1993-2005, with preoperative
lymphoscintigraphy and intraoperative use of both a y-ray detection
probe and patent blue (n = 30); 20062007, with addition of preopera-
tive road maps based on SPECT/CT (n = 15); 2008-2009, with intrao-
perative use of a portable y-camera (n = 40); and 2010-2016, with
addition of near-infrared fluorescence guidance (n = 192). Results: In
total, 277 patients were included. At least 1 SN was identified in all
patients. A tumor-positive SN was found in 59 patients (21.3%): 10 in
group 1 (33.3%), 3 in group 2 (20.0%), 6 in group 3 (15.0%), and 40 in
group 4 (20.8%). Regional recurrences in patients with tumor-
negative SNs resulted in an overall FN rate of 11.9% (group 1, 16.7%;
group 2, 0%; group 3, 14.3%; group 4, 11.1%). The number of har-
vested nodes increased with advancing technologies (P = 0.003),
whereas Breslow thickness and operation time per harvested SN
decreased (P = 0.003 and P = 0.017, respectively). There was no signif-
icant difference in percentage of tumor-positive SNs, overall operation
time, and complication rate between the different groups. Conclusion:
The use of advanced detection technologies led to a higher number of
identified SNs without an increase in overall operation time, possibly
indicating animproved surgical efficiency. Operation time per harvested
SN decreased; the average FN rate remained 11.9% and was
unchanged over 23 y. There was no significant change in postoperative
complication rate.
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()ne fifth of all cutaneous melanomas occur in the head and neck
region (/). Sentinel lymph node (SN) biopsy (SNB) for head and
neck melanoma was introduced at our institute in the early 1990s
for patients with clinically localized disease (2,3). SNB improves
survival in node-positive patients, and the tumor status of the SN
is the strongest prognostic factor (4). The more accurate staging
facilitates selection of patients for adjuvant therapy and for trials (3).

Detection of SNs in the head and neck is often challenging
because of the complex anatomy, and interlacing lymph vessels
can yield unexpected drainage patterns to multiple and bilateral sites
(6). Moreover, nodes in the head and neck region, especially in the
parotid gland, are easily overlooked on lymphoscintigraphy because
they are near the injection site, where most of the radioactive tracer
remains. These factors are responsible for a median false-negative
(FN) rate of 20.4% in the reviewed reports, with a range of
3.3%—44% (6-9).

In recent years, various complementing SNB technologies have
facilitated the procedure for lymphatic mapping. First, *’™Tc-nano-
colloid was used for dynamic and static lymphoscintigraphy to map
the lymphatic drainage and for intraoperative y-ray detection probe
tracing in combination with patent blue to visualize the afferent
lymph vessels and the SNs (/0,11). Because of disadvantages such
as allergic reactions, coloring of the skin, and fast shiftingof the
dye to lymph nodes and pathways, patent blue is now omitted in
the head and neck (/2-15). The addition of preoperative SPECT/
CT visualized SN in their anatomic context (/6). With the introduc-
tion of intraoperative use of a portable y-camera, a better overview
of'the SNs in the surgical field was provided (/7). Lastly, a complex
of indocyanine green (ICG) with **™Tc-nanocolloid was imple-
mented to integrate near-infrared fluorescence imaging into the pro-
cedure (1/8-20). This facilitated detection of superficial (<1 cm
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deep) lymphatic vessels and SN, using a dedicated fluorescence
camera. So, the currently used technologies enable preoperative
visualization of the lymphatic drainage pattern, imaging of the
SNs within the surrounding anatomy, intraoperative tracing of radio-
active SNs, and visualization of the afferent lymphatic ducts and
lymph nodes.

The purpose of this study was to determine the impact of the
sequential technical advances, over a period of 23 y, on SNB out-
comes in patients with melanoma in the head and neck region.
The primary endpoint was the FN rate. Secondary endpoints were
number of harvested SNs, duration of the procedure, operation
time per harvested SN, and postoperative complication rate.

MATERIALS AND METHODS

This retrospective analysis concerned 277 patients with primary cuta-
neous head and neck melanoma who underwent reexcision and SNB at
The Netherlands Cancer Institute between December 1993 and January
2016. SNB was performed for at least pT1b head and neck melanoma
without clinical lymph node involvement as determined by palpation,
ultrasound, and ultrasound-guided fine-needle aspiration cytology of
suggestive lymph nodes according to the guidelines of the Dutch Head
and Neck Society based on the eight edition of the American Joint Com-
mittee on Cancer—Union for International Cancer Control TNM classifi-
cation (217). Patients who had a history of previous melanoma in the head
and neck region or had already undergone wide excision or radiotherapy
of the melanoma site were not eligible.

The medical charts were reviewed for tumor characteristics, overall
operation time (from start of surgery to closure of incision), operation
time per harvested SN (overall operation time divided by number of
SNs), and SNB characteristics, as well as other clinicopathologic fea-
tures. The institutional review board approved this retrospective study,
and the requirement to obtain informed consent was waived. All proce-
dures involving patients were in accordance with the ethical standards of
the Medical Ethical Committee of The Netherlands Cancer Institute, and
conformed with the Declaration of Helsinki (1964) and later
amendments.

Imaging and SNB

An SN was defined as any lymph node receiving direct lymphatic
drainage from the primary tumor (22). Depending on the patient admis-
sion date, different lymph node mapping techniques were used for 4 dif-
ferent groups. Group 1 (n = 30) covered the period 19932005, when
preoperative lymphoscintigraphy as well as an intraoperative y-ray
detection probe (Neoprobe; Johnson and Johnson Medical) and patent
blue (Laboratoire Guerbet) were used. Group 2 covered 2006-2007,
when preoperative SPECT/CT (Symbia; Siemens) was added to visual-
ize SNs in their anatomic habitat. Patent blue was omitted after 2007.
Group 3 (n = 40) reflected 2008 and 2009 and included the addition
of intraoperative use of a portable y-camera (Sentinella; OncoVision).
Group 4 (n = 192) covered 2010-2016 and included the addition of
near-infrared fluorescence guidance in lieu of patent blue using the
hybrid tracer ICG-?*"Tc-nanocolloid and a fluorescence camera (Photo
Dynamic Eye, Photo Dynamic Eye-Modality, or Fluorescence Imaging
System-00; Hamamatsu Photonics K.K.).

For lymphoscintigraphy, the radiopharmaceutical (**™Tc-nanocol-
loid or ICG-"™Tc-nanocolloid, 80 MBq for 1-d procedure and 120
MBq for 2-d procedure) was injected intradermally around the tumor
or biopsy wound in 4 deposits of 0.1 mL (23). Immediately after injec-
tion, anterior and lateral dynamic planar imaging was performed for 10
min to identify first-echelon SNs and distinguish these from higher-
echelon nodes. This was followed by acquisition of 5-min static images
roughly 10 min and 2 h after injection to identify SNs in other (aberrant)
regions. SPECT/CT imaging was performed directly after the 2-h static
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imaging. SN locations were marked on the skin and indicated on SPECT/
CT key images (so-called surgical road maps), which were transferred to
a picture archiving and communication system. The imaging results
were discussed with the head and neck surgeon before the operation.

When used in the operation (before 2007), 1 mL of patent blue was
injected intradermally around the melanoma site and the area was mas-
saged for 5 min. Subsequently, the SNs were traced using a combination
of the probe and the patent blue. To maintain visibility of the lymphatic
ducts, patent blue injection was repeated every 90 min. With the intro-
duction of a portable y-camera, pre- and intraoperative images were
acquired.

With the advent of the hybrid tracer, a dedicated near-infrared fluores-
cence camera was also incorporated. When a presumed SN was roughly
located using the y-ray detection probe and portable y-camera, the lights
in the operating room were dimmed and its precise location was deter-
mined using fluorescence imaging.

To verify completion of SNB, the wound was inspected and palpated
and intraoperative imaging (fluorescence or portable y-camera) was
repeated. When a residual signal was observed at the location of the orig-
inal SN, this node was considered a missed SN or part of a cluster of mul-
tiple adjacent SNs and also removed.

Histopathologic Examination

Following the recommendations of the European Organization for
Research and Treatment of Cancer, multiple levels of the SN were ana-
lyzed using hematoxylin and eosin staining and immunohistochemistry
for melanocytic differentiation antigens S-100 and glycoprotein 100/
human melanoma black 45 (1993-2003) or melanocyte-antigen/mela-
noma antigen recognized by T cell 1 (2004 onward). Since February
2014, our protocol changed from examining 3 levels to examining 6 lev-
els 50-150 wm each with hematoxylin and eosin staining and immuno-
histochemistry (24).

Follow-up

SN-negative patients were followed every 3 mo in year 1, every 6 mo
in years 2-5, and annually thereafter. SN-positive patients were followed
every 3 mo in years 1-2 and every 6 mo in years 3—10.

Statistical Analysis

The procedure was considered to be FN if a recurrence developed in
the nodal region from which a tumor-free SN had been removed without
any signs of local, other regional, or distant tumor activity. The FN rate
was calculated by dividing the number of patients who presented with
nodal recurrence after a tumor-negative SNB by the sum of those with
a true-positive SN (TP) and those with nodal recurrence (FN/(TP +
FN)), which is 1 — sensitivity (25-27).

Descriptive statistics are presented with means or medians and with
95% Cls or interquartile ranges or, in the case of nominal data, with num-
bers. In cases of continuous or ordinal variables, 1-way ANOVA or ?
tests, respectively, were performed to assess the difference between
the different imaging techniques. Significance was defined as a P level
of less than 0.05. All statistical analyses were performed using SPSS,
version 22.0, or STATA, version 13.

RESULTS

Clinicopathologic Features and Follow-up

Clinicopathologic features for the entire cohort are described in
Table 1. Age differed among the 4 groups (Table 2). The Breslow
thickness decreased over the years (P = 0.003). Follow-up details
are presented in Table 2.

Operative and Postoperative Findings
Between 1993 and 2016, 14 head and neck surgeons performed
SNB our institute. In all 277 patients, all preoperatively visualized
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TABLE 1
Baseline Characteristics

Characteristic Data
Sex
Female 100 (36.1%)
Male 177 (63.9%)
Age at SNB (y) 59 (46-68)
Location of primary tumor
Scalp 77 (27.8%)
Face 103 (87.2%)
Ear 55 (19.9%)
Nose 14 (5.1%)
Neck 28 (10.1%)
Breslow (mm) 2.2 (1.5-3.6)
T
T1b 21 (SNB+, 7.7 [4.8%))
T2 94 (SNB+, 34.3 [13.8%)])
T3 93 (SNB+, 34.1 [30.1%)])
T4 65 (SNB+, 23.8 [26.2%)])
Ulceration
Absent 195 (70.9%)
Present 69 (25.1%)
Unknown 11 (4.0%)

*According to eighth edition of American Joint Committee on
Cancer-Union for International Cancer Control TNM classification.

Qualitative data are number and percentage; continuous data are
median and interquartile range. Percentages may not equal 100
because of rounding.

SNs were identified during surgery. A mean of 3.8 (95% CI, 3.54.1)
SNs per patient was excised in a median operation time of 115 min
(interquartile range, 87—153 min) (Table 2). The overall operation
time remained stable over the years (P = 0.74). The number of har-
vested SNs increased over time (P = 0.003), whereas the number of
tumor-positive SNs remained equal. The operation time per SN
decreased with the advancing technology (P = 0.017).

Twelve patients (4.3%) developed postoperative complications
that were related to SNB. The complication rate was similar among
the groups. Hemorrhage required treatment in 7 patients: 1 in group 1
(3.3%), 1 in group 2 (6.7%), 1 in group 3 (2.5%), and 4 in group 4
(2.1%). Wound infection developed in 1 patient in group 3 (2.5%)
and 2 in group 4 (1.0%). One patient in group 1 (3.3%) developed
transient facial nerve palsy, and a case of transient spinal accessory
nerve dysfunction was seen in group 3.

SNB Outcomes

A tumor-positive SN was found in 59 patients (21.3%) (Table 3).
In group 1, 33.3% of the patients had a tumor-positive SN; in group
2, 20.0%; in group 3, 15.0%; and in group 4, 20.8%. There was no
significant difference among the groups. Eight patients with
tumor-negative SNs and no disease elsewhere had recurrence in their
nodal region, resulting in an overall sensitivity of 88.1% and a FN
percentage of 11.9. Two patients had an FN procedure in group 1
(16.7%), none in group 2, 1 in group 3 (14.3%), and 5 in group 4
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(11.1%). FN nodes were located infraauricularly and retroauricu-
larly in the parotid gland at levels II and V. With the exception of
the level II recurrence, all were located near the primary melanoma,
where most of the injected radioactivity remained. Follow-up details
and recurrences are visualized in Table 4.

DISCUSSION

This study assessed the sequential impact of SPECT/CT, intrao-
perative use of a portable y-camera, and intraoperative fluorescence
guidance using a hybrid tracer on SNB in patients with melanoma in
the head and neck region. With the introduction of these sophisti-
cated techniques, more SNs were harvested per patient whereas
the duration of the operations remained the same. So, SNs were iden-
tified more quickly, improving the surgical workflow. In this respect,
the increasing experience of the individual surgeons in SN identifi-
cation should also be considered. The greater number of SNs could
also imply an increase in postoperative morbidity, but this was not
the case. The observed downward trend in FN rate over time from
16.7 to 11.1 could suggest that some—tumor positive—SNs were
missed in the early days.

Several large series of patients with head and neck melanomas
report the removal of an average of 2.0-2.5 SNs per patient, which
is less than the 3.8 in our entire population (8,28,29). Although the
current data suggest that this higher yield is due to the portable
y-camera and the fluorescence imaging, depiction of extra sentinel
nodes by SPECT/CT in the preoperative work-up cannot be
neglected (30). The high tissue penetration of radioactive y-rays in
combination with the high spatial resolution of the fluorescence sig-
nal increased the identification of SNs within clusters of lymph
nodes (23). If the SN could not be identified separately, the entire
cluster was harvested and all nodes were classified as SNs. Since
not all of these were necessarily on a direct drainage pathway
from the tumor, the lack of intraoperative visualization of afferent
lymph vessels may thus inadvertently have increased the number
of “SNs.”

Our tumor-positive SNB rate of 21.3% is higher than for melano-
mas elsewhere in the body (37,32). In a systematic review of 12 stud-
ies on head and neck melanoma, de Rosa et al. demonstrated an
average tumor-positive rate of 15.1% (9). The high number of thick
melanomas in our first cohort may well explain our relatively high
rate of tumor-positive SNs.

The current overall FN rate of 11.9% concurs with other studies,
which included a wide spectrum of melanoma sites (mean, 14.0%;
range, 2.8%-32.1%) (25,27,32—34). Although one would intuitively
expect innovative detection methods to improve FN rates, we could
not establish a significant difference among the groups. Results to
improve melanoma staging by ICG vary in the literature. In a large
prospective cohort of melanoma patients, ICG and lymphoscintigra-
phy resulted in higher SN positive rates than the predicted true-
positive SNB rate based on the literature and their cohort (35).
However, another recent prospective study of 121 melanoma
patients demonstrated that the combination of lymphoscintigraphy,
probe, and ICG fluorescence improved the SN detection rate only
marginally (36).

In addition to the introduction of new detection techniques and
advancing surgical skills, the more elaborate histopathologic exam-
ination plays an important role in the sensitivity of SNB. After the
number of levels of examination of SNs was increased from 3 to 6
in 2014, the number of FN procedures dropped from 8 in 193
patients to none in the subsequent 84.

Berger et al. 1359



TABLE 2
Patient and Tumor Characteristics

Group 3,
Group 1, Group 2, portable
Overall, lymphoscintigraphy, SPECT/CT, y-camera, Group 4, hybrid
1993-2016 1993-2005 2006-2007 2008-2009 tracer, 2010-2016
Characteristic (n = 277) (n = 30) (n = 15) (n = 40) (n =192) P
Median age 59 (IQR, 46-68) 49 (IQR, 39-62) 53 (IQR, 45-66) 54 (IQR, 45-68) 60 (IQR, 50-70) 0.007*

Breslow thickness 2.2 (IQR, 1.5-3.6) 3.0 (IQR, 1.8-4.9) 2.9 (IQR, 1.9-6.0) 2.2 (IQR, 1.5-3.4)

2.0
Mean excised SNs 3.8 (Cl, 3.5-4.1) 2.8 (Cl, 2.0-3.5) 2.5(Cl, 1.9-3.2) 3.3(Cl,2.7-3.8) 4.2
(n)

(IQR, 1.4-3.5) 0.003*
(Cl, 3.8-4.6) 0.003*

Mean tumor- 1.5 (Cl, 1.3-1.7) 1.8 (Cl, 0.9-2.7) 1.3 (Cl, 0-2.0) 1.2 (Cl,0.7-16) 15(Cl, 1.2-1.7)  0.90*
positive SNs (n)

Median operation 115 (IQR, 87-153) 118 (IQR, 96-149) 149 (IQR, 90-164) 98 (IQR, 77-142) 115 (89-154) 0.74~
time (min)

Median time per 38 (IQR, 25-54) 51 (IQR, 33-71) 54 (IQR, 39-66) 40 (IQR, 30-51) 34 (IQR, 22-51) 0.017*
SN (min)

Complications (n) 12 (4.3%) 2 (7.1%) 1(7.1%) 3 (8.1%) 6 (3.1%) 0.49"

Surgeons (n) 14 6 5 7 10 NA

Median follow-up 41 (IQR, 25-65) 85 (IQR, 31-138) 106 (IQR, 65-125) 69 (IQR, 53-88) 35 (IQR, 22-53) NA
(mo)

*One-way ANOVA.

T2 (exact) test.

NA = not applicable.

Percentages may not equal 100 because of rounding.

The variety in definitions of an SN and of an FN SNB hampers randomized studies have been performed to establish superiority
meaningful comparison of results of different studies. Some investi-  of one radiotracer over another.
gators consider the procedure to be FN in cases of a nodal recurrence The retrospective design, single institution, and relatively small
anywhere after a tumor-negative SNB, whereas in most studies only ~ sample size in the time span of the first 2 modalities (Table 3) can
in-field nodal recurrences count (25,37). Instead of using the formula  also be considered limitations of this study. Although all participat-
FN/(TP + FN) (27), some other investigators calculate the rate of ing surgeons involved were dedicated head and neck specialists,
FN over the entire group of patients or over the group of tumor- their substantial number and varying experience might possibly be
negative SNBs (1,29,38). The differences in follow-up duration a limiting factor for the secondary endpoints of the study. Further-
are a further limiting factor, as the number of FN cases goes up as  more, the consecutive addition of new technologies without associ-
more recurrences develop with longer follow-up (9). ated randomized studies makes it difficult to discern the independent

There is great geographic variability in the type of radiotracer  contribution of each of these.
used. Human serum albumin—based radiocolloids (particle range,
15-100 nm) are generally used in Europe, whereas sulfur colloids
(particle range, 201000 nm) are commonly used in the United
States and antimony sulfide colloids (particle range, 10—-15 nm) in Using advanced image guidance technologies, we found more SNs
Australia (39,40). The more recently approved **™Tc-tilmanocept ~ without increasing the overall operation time or the postoperative
is now also being studied in the head and neck region (4/). No complication rate, possibly indicating an improvement of surgical

CONCLUSION

TABLE 3
SNB Outcomes
Group 1, Group 3, portable Group 4, hybrid
Overall, 1993-2016 lymphoscintigraphy, Group 2, SPECT/CT, y-camera, tracer, 2010-2016

Outcome (n = 277) 1993-2005 (n = 30) 2006-2007 (n = 15) 2008-2009 (n = 40) (n = 192)
SNB-negative (n) 210 (75.8%) 18 (60%) 12 (80%) 33 (82.5%) 147 (76.6%)
SNB-positive (n) 59 (21.3%) 10 (33.3%) 3 (20%) 6 (15%) 40 (20.8%)
FN rate (n) 8 (11.9%) 2 (16.7%) 0 (0%) 1 (14.3%) 5 (11.1%)
Sensitivity 88.1% 83.3% 100% 85.7% 88.9%
Specificity 100% 100% 100% 100% 100%
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TABLE 4
Follow-up (in Months) and Recurrences

Parameter Overall (n = 277) SNB-negative (n = 218) SNB-positive (n = 59)
Follow-up 41 (25-65) 44 (24-67) 37 (23-60)
Follow-up recurrence 33 (18-60) 35 (19-61) 26 (10-52)
Recurrence 81 (29%) 50 (23%) 31 (53%)
Local 21 11 10
Regional 17 12* 5
Distant 43 27 16

*Consisted of 8 FN nodes, 3 locoregional recurrences, and 1 contralateral node recurrence with simultaneous distant metastasis.
Qualitative data are number and percentage; continuous data are median and interquartile range.

efficiency. Operation time per harvested SN decreased, and the aver-
age FN rate remained 11.9% and was unchanged over 23 y.
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KEY POINTS

QUESTION: Does the technologic evolution of SNB in the head and
neck region have an impact on the FN rate?

PERTINENT FINDINGS: This retrospective study found that, over
time, there was a higher number of identified SNs with an
unchanged FN rate.

IMPLICATIONS FOR PATIENT CARE: The improved outcome of
the SNB procedure will make the patient’s prognosis more accurate.
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Despite good sensitivity and a good negative predictive value, the
implementation of sentinel node biopsy (SNB) in robot-assisted radi-
cal prostatectomy with extended pelvic lymph node dissection
(ePLND) for prostate cancer is still controversial. For this reason, we
aimed to define the added value of SNB (with different tracer modali-
ties) to ePLND in the identification of nodal metastases. Complication
rates and oncologic outcomes were also assessed. Methods: From
January 2006 to December 2019, prospectively collected data were
retrospectively analyzed from a single-institution database regarding
prostate cancer patients treated with robot-assisted radical prostatec-
tomy and ePLND with or without additional use of SNB, either with the
hybrid tracer indocyanine green (ICG)->°"Tc-nanocolloid or with free
ICG. Multivariable logistic and Cox regression models tested the
impact of adding SNB (either with the hybrid tracer or with free ICG)
on lymph nodal invasion detection, complications, and oncologic out-
comes. Results: Overall, 1,680 patients were included in the final
analysis: 1,168 (69.5%) in the non-SNB group, 161 (9.6%) in the ICG-
SNB group, and 351 (20.9%) in the hybrid-SNB group. The hybrid-
SNB group (odds ratio, 1.61; 95%Cl, 1.18-2.20; P = 0.002) was an
independent predictor of nodal involvement, whereas the ICG-SNB
group did not reach independent predictor status when compared
with the non-SNB group (odds ratio, 1.35; 95%Cl, 0.89-2.03; P =
0.1). SNB techniques were not associated with higher rates of compli-
cations. Lastly, use of hybrid SNB was associated with lower rates of
biochemical recurrence (0.79; 95%Cl, 0.63-0.98) and of clinical recur-
rence (hazard ratio, 0.76, P = 0.035) than were seen in the non-SNB
group. Conclusion: The implementation of hybrid-SNB technique
with ICG-"*"Tc-nanocolloid in prostate cancer improves detection of
positive nodes and potentially lowers recurrence rates with subse-
quent optimization of patient management, without harming patient
safety.
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lymph node dissection; sentinel node biopsy; prostate cancer
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SENTINEL NODE B1orsy IN PROSTATE CANCER ¢

During the last decade, there has been increasing interest in
identifying and implementing new staging modalities for lym-
phatic metastatic dissemination in prostate cancer patients. An
extended pelvic lymph node dissection (ePLND) represents the
best available staging tool for prostate cancer patients with a risk
of lymph node invasion (LNI) higher than 5% (7, 2). Although
this approach is invasive, it can still miss aberrant dissemination
pathways to approximately 30% of lymph nodes—those that are
outside the ePLND template (2). Tailored staging modalities that
help predict the routes of lymphatic spread, such as sentinel node
biopsy (SNB), have been proposed to improve the accuracy of
ePLND in identifying nodal metastases (3, 4). Despite the good
sensitivity and good negative predictive value of SNB (2), its
added value relative to ePLND in detecting LNI remains a subject
of discussion. As a consequence, SNB in prostate cancer is still
considered experimental (2). One concern is that the safety profile
of adding SNB to ePLND, in terms of complications, has never
been tested. Finally, evidence supporting the oncologic benefit of
SNB and ePLND in prostate cancer is still limited and often con-
troversial (1, 5-7).

On this basis and to overcome these limitations, we used the
largest available case series of patients who underwent robot-
assisted radical prostatectomy and ePLND with or without SNB to
define the effect of SNB and different SNB tracer modalities on
LNI staging accuracy, complication rates, and midterm oncologic
outcomes.

MATERIALS AND METHODS

Data Source and Patient Selection

From January 2006 to December 2019, prospectively collected data
were retrospectively analyzed from a single-institution database
(Antoni van Leeuwenhoek Hospital, The Netherlands Cancer Institute,
Amsterdam) regarding prostate cancer patients treated with robot-
assisted radical prostatectomy and standard ePLND with or without
additional use of SNB. SNB was performed using either the hybrid
fluorescent and radioactive tracer indocyanine green (ICG)—"*™Tc-
nanocolloid or free ICG (8—10). We focused on patients with more
than a 5% risk of LNI according to the nomogram of Briganti et al.
(11), which has been found to be one of the most accurate predictive
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models for LNI in external validation studies (/2), particularly for the
time span of our analysis. All surgeries were performed by the robotic
approach, and all patients with complete follow-up pathologic data
and recurrence data were included. Overall, 1,680 patients were
included in the final analysis: 1,168 (69.5%) who were offered ePLND
only (non-SNB group), 161 (9.6%) who received ePLND comple-
mented by SNB using free ICG (ICG-SNB group), and 351 (20.9%)
who received ePLND complemented by SNB using ICG—"""Tc¢-nano-
colloid (hybrid-SNB group). Patients receiving ePLND without SNB
were treated between 2006 and 2019, those receiving ePLND and
hybrid tracer were treated between 2010 and 2019, and those receiving
ICG SNB were treated between 2016 and 2019.

The study protocol was approved by the institutions’ medical ethics
committees (approvals NL28143.031.09, NL41285.031.12, and
NL46580.031.13). An approval from the institutional review board
was received for the data collection and analysis.

SNB and ePLND Technique

The ePLND, SNB technique, and pathologic examination were pre-
viously described (/3). Patients first underwent SNB, followed by
ePLND and robot-assisted radical prostatectomy. Sentinel nodes (SNs)
were identified via lymphatic mapping with ICG—"""Tc-nanocolloid
(0.5 mg of albumin, 0.25 mg of ICG, and 240 MBq of **™Tc¢ in 2 mL
of saline) or free ICG (5 mg in 2 mL of sterile water).

On the morning of the surgery, ICG—"""Tc-nanocolloid (2 mL) was
transrectally injected under ultrasound guidance into the peripheral
zone of each quadrant of the prostate, as previously described (/4,
15). Early and late dynamic lymphoscintigraphy was performed at,
respectively, 15 min and 2 h after injection. In the hybrid-SNB group,
preoperative SN mapping was performed with lymphoscintigraphy
and SPECT supplemented with low-dose CT (SPECT/CT). The
nuclear medicine physician assessed all acquired images and reported
the anatomic localization of the individual SNs. Surgery was planned
to start 4 h after the ICG—"""Tc-nanocolloid injection. All SNs were
pursued with radioguidance and fluorescence guidance. The radioguid-
ance was provided by the Europrobe laparoscopic 0° y-probe (Eurorad
S.A.) used in combination with a sterile cover. The fluorescence guid-
ance was provided by the integrated FireFly camera of the DaVinci Si
robotic system (Intuitive Surgical).

In the ICG-SNB group, 2 mL of ICG were transrectally injected in
the operating room under ultrasound guidance before the surgery
began. All SNs were pursued with FireFly fluorescence guidance (15)
followed by an ePLND template, which was defined as the region
encompassed by the ureteric crossing and including the bifurcation of
the common iliac artery, along the external iliac (the distal limit being
the deep circumflex vein and femoral canal), the internal iliac vessels,
and the obturator fossa. The lateral border was the genitofemoral
nerve, and the medial border was the perivesical fat. Thirteen surgeons
were included in the current large cohort of individuals who per-
formed robot-assisted radical prostatectomy, but the SNB procedures
were performed exclusively by 3 surgeons.

Outcomes

The primary endpoint of our study was to assess the added value of
SNB to ePLND in the identification of nodal metastases. Additionally,
we tested the lymph node detection rate according to the preoperative
LNI risk, based on the 2012 version of the nomogram of Briganti et al.
(11). Secondary endpoints were the safety profile of SNB by reporting
rates of postoperative complications and midterm oncologic outcomes,
namely biochemical recurrence (BCR) and clinical recurrence (CR).
BCR was defined as 2 consecutive prostate-specific antigen measures
of at least 0.2 ng/mL (2). CR consisted of any radiologically confirmed
locoregional or distant tumor recurrence. Postoperative complications
were graded according to the Clavien—Dindo classification (/6).
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Variable Definition

The clinical covariates were age at surgery, use of neoadjuvant
androgen deprivation therapy, clinical T stage (Tlc, T2, T3), clinical
N stage (Nx, NO, N1), biopsy Gleason score, and preoperative initial
level of prostate-specific antigen. Pathologic and postoperative covari-
ates consisted of pathologic T stage (=pT2, pT3a, =pT3b), pathologic
N stage (pNO, pN1), pathologic Gleason score (6—/0), number of
lymph nodes removed, presence of positive surgical margins, and use
of salvage radiation therapy.

Statistical Analysis

Statistical analyses, as well as reporting and interpretation of the
results, were conducted according to established guidelines (/7) and
consisted of 4 steps. First, medians and interquartile ranges were
reported for continuous variables, and frequencies and proportions
were reported for categoric variables. The Mann—Whitney and x> tests
were applied to compare the statistical significance of differences in
the distribution of continuous or categoric variables, respectively.

Second, multivariable logistic regression models were fitted to
assess the impact of SNB (non-SNB group vs. hybrid-SNB group vs.
ICG-SNB group) on LNI rate at the final pathologic examination, after
adjusting for several clinical confounders. Models were adjusted using
prespecified clinical covariates. Thereafter, the multivariable-derived
probability of LNI detection according to different SNB methods was
plotted against preoperative score according to the nomogram of Brig-
anti et al. (//) using a locally weighted scatterplot smoother function
(18, 19), after accounting for the confounders.

Third, 2 sets of logistic regression models were fitted to test the
impact of SNB use and type on postoperative complications, after
adjusting for age at surgery, neoadjuvant androgen deprivation ther-
apy, cT stage, cN stage, preoperative prostate-specific antigen level,
and biopsy Gleason score. Logistic regression models were repeated
for a Clavien—Dindo grade of at least II and at least III. Additionally,
to test the hypothesis that refinements in SN technique may have
impacted the complication rate, an interaction term between type of
SN (non-SNB group vs. hybrid-SNB group vs. ICG-SNB group) and
year of surgery was used.

Fourth, Kaplan-Meier plots were used to depict BCR- and CR-free
survival after stratification according to non-SNB group versus
hybrid-SNB group versus ICG-SNB group. Finally, multivariable Cox
regression models tested for predictors of BCR and CR. Previously
defined pathologic covariates were included as predictors in Cox
regression models. Moreover, models predicting CR were further
adjusted for the use of salvage radiation therapy. Analyses were per-
formed using R software, version 3.6.3, and all tests were 2-sided with
the significance level set at a P value of less than 0.05.

RESULTS

Patient Characteristics

Table 1 and Figure 1 depict the clinical characteristics of our
cohort. Compared with the non-SNB group, the patients of the
ICG-SNB group were older (67 vs. 65 y old, P < 0.001), and
more had a Gleason score of 8—10 at biopsy (41.6% vs. 29.4%,
P < 0.001) or cN1 at preoperative imaging (15.5% vs. 5.7%,
< 0.001). No statistically significant differences in cT stage or
prostate-specific antigen at surgery were recorded between the
ICG-SNB and non-SNB groups. On the other hand, more of the
patients in the hybrid-SNB group than in the non-SNB group had
a Gleason score of 7 at biopsy (65.2% vs. 54%, P < 0.001), and
fewer had cN1 at preoperative imaging (0.9% vs. 5.7%, < 0.001).
When compared with the ICG-SNB group, fewer of the patients in
the hybrid-SNB group had c¢N1 at preoperative imaging (0.9% vs.
15.5%, P < 0.001), and the hybrid-SNB group had a lower
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TABLE 1
Patient Characteristics

Non-SNB, ICG SNB, P, non- Hybrid SNB, P, non-SNB P, ICG

n=1168 n = 161 SNB vs. n = 351 vs. hybrid SNB vs.
Characteristic Parameter Overall (69.5%) (9.6%) ICG SNB (20.9%) SNB hybrid SNB
PSA before Median 9.5 9.7 9.4 0.6 9 0.002 0.1
treatment
(ng/mL)
IQR 6.8-16 6.9-16 6.7-18 6.4-14
Age (y) Median 65 65 67 <0.001 65 0.1 <0.001
IQR 60-69 60-68 64-71 60.5-69
Briganti LNI Median 12.6 11.9 20.5 <0.001 124 0.4 <0.001
risk
IQR 6.1-30.5 5.6-29.1 10.9-41.7 6.2-29.2
Biopsy GS 6 212 (12.6) 187 (16) 7 (4.3) <0.001 18 (5.1) <0.001 0.03
7 954 (56.8) 638 (54.6) 87 (54) 229 (65.2)
8-10 514 (30.6) 343 (29.4) 67 (41.6) 104 (29.6)
cT cTic 250 (14.9) 180 (15.4) 18 (11.2) 0.3 52 (14.8) 0.8 0.5
cT2 941 (56) 655 (56.1) 94 (58.4) 192 (54.7)
=cT3 489 (29.1) 333 (28.5) 49 (30.4) 107 (30.5)
Percentage of <33% 454 (27) 319 (27.3) 23 (14.3)  <0.001 112 (31.9) 0.2 <0.001
positive cores
33%-66% 711 (42.3) 504 (43.2) 67 (41.6) 140 (39.9)
>66% 515 (30.7) 345 (29.5) 71 (44.1) 99 (28.2)
cN cNx 387 (23) 323 (27.7) 3 (1.9 <0.001 1(17.4) <0.001 <0.001
cNO 1198 (71.3) 778 (66.6) 133 (82.6) 287 (81.8)
cN1 95 (5.7) 67 (5.7) 25 (15.5) 3 (0.9)
Follow-up (mo)  Median 38 46.5 15 <0.001 35 <0.001 <0.001
IQR 14-66 17-70 7-25 14-58
Operative time  Median 119 115 111 0.01 121 <0.001 <0.001
(min)
IQR 100-126 99-128 97-121 113.5-131
LNs removed Median 12 11 20 <0.001 17 <0.001 <0.001
IQR 8-18 6-15 17-25 11-21
pN stage pNO 1302 (77.5) 947 (81.1) 103 (64) <0.001 252 (71.8) <0.001 <0.001
pN1 378 (22.5) 221 (18.9) 58 (36) 99 (28.2)
Pathologic GS 6 158 (9.4) 129 (11) 3 (1.9 <0.001 6 (7.4) 0.1 <0.001
7 1116 (66.4) 754 (64.6) 131 (81.4) 231 (65.8)
8-10 406 (24.2) 285 (24.4) 27 (16.8) 4 (26.8)
pT stage =pT2c 851 (50.7) 593 (50.8) 55 (34.2)  <0.001 203 (57.8) 0.005 <0.001
pT3a 411 (24.5) 260 (22.3) 68 (42.2) 3 (23.6)
=pT3b 418 (24.9) 315 (27) 38 (23.6) 5 (18.5)
Positive nodes  >2 121 (7.2) 8 (5.8) 19 (11.8)  <0.001 4 (9.7) <0.001 0.1
0 1302 (77.5) 948 (81.2) 102 (63.4) 252 (71.8)
1-2 257 (15.3) 152 (13) 40 (24.8) 65 (18.5)
Surgica! Negative 1054 (62.7) 712 (61) 102 (63.4) 0.6 240 (68.4) 0.01 0.3
margins
Positive 626 (37.3) 456 (39) 59 (36.6) 111 (31.6)
Salvage No 1232 (73.3) 843 (72.2) 133 (82.6) 0.006 256 (72.9) 0.8 0.02
radiotherapy
Yes 448 (26.7) 325 (27.8) 28 (17.4) 95 (27.1)

*According to nomogram of Briganti et al. (11).
PSA = prostate-specific antigen; IQR = interquartile range; GS = Gleason score; LN = lymph nodes.
Qualitative data are number followed by percentage in parentheses.
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Patients with prostate cancer who underwent robot-assisted radical
prostatectomy with pelvic lymph node dissection (PLND).

y
1,680 assessable patients for primary outcome
Stratified according to use of sentinel node biopsy
(SNB) and SNB type

A 4
351 PLND + SNB with
hybrid ICG-9mTc-
nanocolloid tracer
(years 2010-2019)

161 PLND + SNB with
ICG alone
(years 2016-2019)

1,168 PLND
without SNB
(years 2006-2019)

FIGURE 1. Flowchart describing final patient population included in
study and implementation of different tracers for SNB over time.

median preoperative LNI risk score (12.4 vs. 20.5, P < 0.001).
Regarding operative time, the ICG-SNB group had a shorter surgi-
cal median duration (111 min) than either the hybrid-SNB group
(121 min) or the non-SNB group (115 min) (P = 0.001 and 0.01,
respectively). Lastly, the rate of administration of salvage radiation
therapy did not differ between the hybrid-SNB group (27.1%) and
the non-SNB group (27.8%) (P = 0.8), whereas it was lower in
ICG-SNB group (17.4%) than in either the hybrid-SNB group (P
= 0.02) or the non-SNB group (P = 0.006).

Pathologic Report and Nodal Staging

Pathologic findings are reported in Table 1. Overall, in patients
from the ICG-SNB group, disease was less frequently organ-
confined (=pT2c: 34% vs. 50.8%, P < 0.001) than in the non-
SNB group, and fewer had a Gleason score of 810 (16.8% vs.
24.4%, P < 0.001). Notably, the rate of pN1 in the ICG-SNB
group was double that in the non-SNB group (36% vs. 18.9%, P
< 0.001). Along the same line, the nodal yield increased for the
ICG-SNB group (median, 20 vs. 11; P < 0.001), yielding a higher
rate of patients with more than 2 positive nodes at pathology
(11.8% vs. 5.8%, P < 0.001). Similarly, the pN1 rate (28.2% vs.
18.9%, P < 0.001), the number of removed LNs (median, 17 vs.
11; P < 0.001), and the rate of patients with more than 2 positive
nodes (9.7 vs. 5.8, P < 0.001) were remarkably higher in patients
from the hybrid-SNB than in patients from the non-SNB group.
Compared with the ICG-SNB group, patients in the hybrid-SNB
group had a lower pNI1 rate (28% vs. 36%, P < 0.001) and a
lower number of lymph nodes removed (median, 17 vs. 20; P <
0.001).

In multivariable models predicting pN1, being in the hybrid-
SNB group (odds ratio [OR], 1.61; 95%CI, 1.18-2.20; P = 0.002)
was an independent predictor of LNI detection at final pathology,
compared with being in the non-SNB group, after accounting for
all preoperative covariates including number of removed nodes.
On the other hand, being in the ICG-SNB group did not reach
independent predictor status when compared with being in the
non-SNB group (OR, 1.35; 95%CI, 0.89-2.03; P = 0.1; Table
2)[ID]TBL2[/ID]. Compared with being in the ICG-SNB group,
being in the hybrid-SNB group (OR, 1.19; 95%CI, 0.76-1.86;
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P = 0.4) was not associated with a significant increase in LNI
detection at final pathology.

Subsequently, we graphically represented the variation in pN1
detection rate for the hybrid-SNB technique versus the non-SNB
technique across different preoperative LNI risk levels calcu-
lated according to the nomogram of Briganti et al. (Fig. 2) (/1).
Use of the hybrid-SNB approach was associated with a higher
pN1 detection rate across all predicted levels of preoperative
LNI risk.

Postoperative Complications

Overall, 572 (34%) patients experienced postoperative compli-
cations (Table 3). According to the Clavien—Dindo classification,
78 patients (4.6%) experienced grade I complications; 237
(14.1%), grade II; 128 (7.6%), grade Illa; 72 (4.3%), grade IIIB;
and 3 (0.2%), grade IV. The overall rate of complications that
were at least grade II was 25.1%, 25.5%, and 30.2% in the non-
SNB, ICG-SNB, and hybrid-SNB groups, respectively. Similarly,
complications of at least grade Illa were found in 11.8%, 11.2%,
and 13.4% of patients in the respective groups.

In multivariable models, the ICG-SNB group was not associ-
ated with a higher rate of experiencing at least a grade II com-
plication (OR 1.22, 95%CI 0.80-1.85, P = 0.3; Table 4) or at
least a grade I1la complication (OR, 1.02; 95%CI, 0.56-1.77; P
= 0.9; Table 4), whereas the hybrid-SNB group tended to have
a higher risk of at least a grade II complication (OR, 1.30;
95%CI, 0.98-1.70; P = 0.059; Table 4) but not of at least a
grade III complication (OR, 1.16; 95%CI, 0.79-1.67; P = 0.4;
Table 4). Of note, the year of surgery was associated with a
reduced risk of complications that were at least grade II (OR,
0.927; 95%CI, 0.889-0.967; P < 0.001) or at least grade Illa
(OR, 0.922; 95%CI, 0.872—-0.974; P = 0.004), demonstrating a
reduction of complication rates over time (Table 4). Particu-
larly, the interaction test for the hypothesis that refinements in
SNB technique in more recent years reduced postoperative
complication of grade II or higher was statistically significant
for the hybrid-SNB group (OR, 0.90; 95%CI, 0.81-0.99; P =
0.041). Specifically, the risk of experiencing at least a grade 11
complication decreased approximately 10% every year when
compared with the risk of experiencing at least a grade II com-
plication with standard lymph node dissection. On the other
hand, no significant interaction with year of surgery was
recorded for the ICG-SNB group (Table 4).

Finally, no statistically significant interaction was found
between the year of surgery and complications that were grade
IIIa or higher; therefore, technical refinement of the SNB proce-
dure over time did not affect the rate of severe complications (all
P > 0.05).

Oncologic Outcomes

At 5 y of follow-up, unadjusted Kaplan—Meier plots depicted
BCR-free survival rates of 54.9% for the non-SNB group, 38.4%
for the ICG-SNB group, and 57.7% for the hybrid-SNB group (P =
0.39; Supplemental Fig. 1A; supplemental materials are available
at http://jnm.snmjournals.org). Similarly, 5-y CR-free survival
rates were 67%, 73%, and 67.4% (P = 0.9) for the respective
groups (Supplemental Fig. 1B). In multivariable Cox models,
being in the ICG-SNB group was not an independent predictor of
BCR (hazard ratio [HR], 0.84; 95%CI, 0.61-1.15; P = 0.2) or
CR (HR, 0.73; 95%CI, 0.49-1.15; P = 0.1), compared with being
in the non-SNB group. Conversely, being in the hybrid-SNB
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TABLE 2
Multivariable Logistic Regression Model Predicting Detection of Positive Nodes at Final Pathology

Variable Parameter OR 95%Cl P
cT stage cTic Ref

cT2 1.14 0.74-1.79 0.4

=cT3 3.25 2.11-5.14 <0.001
Biopsy GS 6 Ref

7 1.99 1.20-3.46 0.009

8-10 3.00 1.79-5.27 <0.001
cN stage cNx Ref

cNO 0.85 0.58-1.23 0.4

cN1 3.02 1.84-4.98 <0.001
Percentage of positive cores 1.633 1.371-1.94 <0.001
PSA at RP 1.010 1.002-1.018 0.01
Number of removed nodes 1.032 1.015-1.049 <0.001
SNB use Non-SNB Ref

ICG SNB 1.35 0.89-2.03 0.1

Hybrid SNB 1.61 1.18-2.20 0.002

Ref = reference; GS = Gleason score; PSA = prostate-specific antigen; RP = radical prostatectomy.

group was associated with a lower risk of BCR (HR, 0.79;
95%CI, 0.63-0.98; P = 0.037) and of CR (HR, 0.76; 95%CI, 0.
58-0.98; P = 0.035) than was being in the non-SNB group
(Table 5). As further confirmation of these results, when the
hybrid-SNB group was considered a reference, the ICG-SNB
group did not differ from it in BCR (HR, 1.06; 95%CI, 0.75-1.
50; P = 0.7) or CR (HR, 0.97; 95%CI, 0.63-1.49; P = 0.9),
whereas the non-SNB group had a higher risk of BCR (HR, 1.26;
95%CI, 1.01-1.57; P = 0.037) and CR (HR, 1.32; 95%ClI, 1.
02—-1.71; P = 0.035). Graphical representations of the multivari-
able adjusted Cox-derived BCR- and CR-free survival using
Kaplan—Meier plots are shown in Figures 3A and 3B.

DISCUSSION

In this largest (to our knowledge) retrospective series of
prostate cancer patients treated with robot-assisted radical
prostatectomy and ePLND with or without SNB, we tested the
impact of SNB on different outcomes, namely LNI staging
accuracy, complication rates, and midterm oncologic out-
comes. These aims were based on recent literature suggesting a
potential benefit from using SNB to detect nodal metastases
outside the standard ePLND template (20). Additionally, other
evidence suggested that the addition of SNB, compared with
standard ePLND, is associated with a potential decrease in the
BCR rate (5). Our analyses highlighted several important
findings.

First, the findings in the non-SNB group underlined that
meticulous ePLND does not ensure complete accuracy with
regard to nodal status. Adding SNB to standard ePLND
improved the LNI detection rate in univariable analysis.

SENTINEL NODE B1orsy IN PROSTATE CANCER ¢

Specifically, ICG—"™Tc-nanocolloid allowed detection of 10%
more LNI than did ePLND without SNB. Similarly, ICG was
associated with an 18% absolute increase in the LNI detection
rate, relative to standard ePLND (Table 1). Our results rein-
force recent findings in a systematic review of the diagnostic
accuracy of the SNB procedure in prostate cancer (4). In that
review, the SN or SNs were the only metastatic site or sites in
73% of LN-positive patients, and positive LNs would have
been missed without SNB in 1 of 20 patients who underwent
ePLND (4). Our findings confirm that SNB should always be
combined with ePLND, as supported by a recent SN consensus
panel (21). Despite being in line with previous series based on
tertiary-care referral centers (6, 22) or population-based data
repositories (23), it may be argued that the lower lymph nodal
yield in the non-SNB group (median, 11 nodes) than in the
hybrid-SNB or ICG-SNB group might have affected the
reported differences in LNI. However, we demonstrated for the
first time (to our knowledge) that in a multivariable model
accounting for multiple confounders including the number of
nodes removed, there was diagnostic added value for the
hybrid-SNB group (OR, 1.65) but not for the ICG-SNB group
(OR, 1.35). This finding suggests that ICG extends the ePLND
template without providing specific guidance on aberrant lym-
phatic drainage pathways, whereas the hybrid tracer highlights
aberrant drainage profiles, impacting the ePLND template. The
fact that these aberrant profiles are seen at preoperative imag-
ing impacts the ePLND template used during surgery. Addi-
tionally, when we graphically explored the variation in the
actual LNI rate for the hybrid-SNB group versus the non-SNB
group across different levels of preoperative LNI risk, we
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FIGURE 2. Locally weighted scatterplot smoothing plot representing
observed LNl rate at final pathology plotted against preoperative predicted
risk of nodal involvement calculated according to nomogram of Briganti
et al. (11), stratified according to use of hybrid SNB or no SNB. LND =
lymph node dissection.

confirmed that the hybrid-SNB approach was associated with a
higher pN1 detection rate across all predicted levels of preop-
erative LNI risk, corroborating the accuracy of SNB in detect-
ing pN1 both in low-risk and in high-risk patients. For
instance, for a preoperative predicted risk of LNI of 20%, the

intraoperative guidance of the hybrid tracer can reduce the risk
of false-negative findings by approximately 10%, meaning that
in 1 of 10 patients who underwent lymph node dissection, a
lymph nodal invasion would have been missed without using
SNB with the hybrid tracer.

Second, when we assessed the safety profile of the SNB proce-
dure, we observed that neither ICG SNB nor hybrid SNB was
associated with an increased risk of postoperative complications
that were at least Clavien—Dindo grade II. Thus, SNB appears to
be safe and can be implemented in routine clinical practice without
exposing patients to a higher risk of complications. Also, the inter-
action term between year of surgery and SNB showed a significant
reduction of these grade II or higher complications over time for
the hybrid tracer, which historically was also the first to be applied
(non-SNB, 2006-2019; ICG SNB, 2016-2019; hybrid SNB,
2010-2019). This finding suggests that the time during which the
hybrid tracer was used allowed for refinement of the surgical skill
with which the SNB procedure was performed. This learning
curve seems to have benefited the ICG-SNB group, which was the
last to be initiated. Regarding high-grade complications (Clavien—
Dindo grade = III), we failed to observe any effect of year of
surgery on SNB, suggesting that severe complications are not
related to the SNB procedure. Lastly, the addition of SNB with a
hybrid tracer was associated with a longer operative time than
was needed for ePLND alone or for SNB with free ICG, proba-
bly because of the time needed to introduce and guide the lapa-
roscopic <y-probe toward the target tissue. However, such
differences were small (median, +6 min and +10 min, respec-
tively; Table 1) and, in consequence, had a very limited clinical
impact.

Third, when we explored the effect of SNB on oncologic
outcomes, we found that the risk of BCR was significantly
lower for the hybrid-SNB group than for the non-SNB group;
there was a 20% lower risk of harboring BCR. We failed to
observe this benefit for the ICG-SNB group. Our findings cor-
roborated previous evidence that adding SNB to ePLND
improves BCR-free survival (5), when we added a subanalysis
according to type of SNB tracer used. This protective effect of

TABLE 3
Complication Rates and Grading
Non-SNB, n = ICG SNB, n = 161